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prestressed  samples  (granite)  which  upon  stress  relief  produced  displacements  on  the 
order  of  .3  ..m. 

Data,  in  the  form  of  holographic  plates  are  stored,  on  board,  the  instrume.  C. 
isplacement  fields  are  stored  in  fringe  patterns  covering  the  holographically  r-errded 
mages  of  the  strained  surface.  The  holographic  Instrument  consists  of  separate  core 

Th^  and  associated  electrical  and  plumbing  connections. 

The  performance  of  the  holographic  instrument  in  a  dry  and  water-flooded  simul.ited 
borehole  was  excellent.  Good  quality  holographic  interferogr.ams  were  obtained  by 
double  exposure,  before  and  after  drilling,  in  a  w.ner-f 1 ooded  environment,  of  pro- 
stressed  slabs  of  gr.anite  under  loads  in  the  130  to  300  bar  range. 

1  GO  instrument  will  be  able  to  resolve  principal  stresses  as 

low  as~50  bars  in  dense  indurated  rocks  (moduli  ^1  Kfbar)  and  st.-es<es  on  the  order  of 
5  bars  in  softer  sedimentary  rocks  having  In-situ  stresses  as  low  as  perhaps  bars 
(assuming  effective  moduli  of  ~100  kbars).  ^  ' 

drv  the  instrument  include:  Geothermal  ..arnessing  of  energy  from  hot. 

dry  rock  -knowledge  of  direction  and  magnitude  of  ptincipal  stress  will  permit  effi- 

excavation  costs  for  deep  underground  construction; 
determining  stability  of  opening  in  deep  rocks;  discrimination  of  teleselsmic  signals  to 
etermine  their  origin  (earthquake  or  explosion);  earthquake  prediction. 
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A  laboratory  nK)del  of  a  holographic  Instrument,  esf  entlally  a  logging 
tool,  has  been  designed  and  tested  for  measuring  In-sltu  stress  In  a  9-lnch 
diameter  blind  exploratory  drill  hole.  Conceptually,  the  apparatus  can 
ultimately  operate  remotely  at  depths  of  thousands  of  feet  In  a  water- 
saturated  environment.  We  have  to  date  only  tested  It  In  a  simulated  bore- 
lole  In  the  laboratory  on  prestressed  samples  (granite)  which  upon  stress 
relief.  In  the  simulated  side  walls,  produced  displacements  on  the  order 
of  .3  pn. 

Power  and  controls  for  the  Instrument  are  at  the  surface.  Data,  In 
the  form  of  holographic  plates  are  stored,  on  board,  the  Instrument. 
Displacement  fields  are  sto»-ed  In  fringe  patterns  covering  the  holograph.  • 
rally  recorded  Images  of  the  strained  surface.  The  holographic  Instrument 
consists  of  separate  cu'e  arlll,  optics,  and  laser  modulec  and  associated 
electrical  and  plumbing  connections.  Hie  laboratory  model  Incorporated 
many  features  of  the  field  version.  The  performance  of  the  holographic 
Instrument  In  a  dry  and  water-flooded  simulated  (concrete)  borehole  vras 
excellent.  Good  quality  holographic  Interf programs  were  obtained  by  double 
exposure,  before  and  after  drilling,  in  a  water-flooded  environment,  of 
prestressed  slabs  of  granite  under  loads  In  the  130  to  300  bar  range. 

It  Is  expected  that  this  instrument  will  be  able  to  resolve  principal 
stresses  as  low  as  -^50  bars  in  dense  Indurated  rocks  (moduli  ~1  Mbar) 
and  stresses  on  the  order  of  5  bars  in  softer  sedlmentarv  rocks  having  in- 
sltu  stresses  as  low  as  perhaps  ~5  bars  (assuming  effective  moduli  of 
~  100  kbars) . 

Applications  of  the  Instrument  Include: 

o  Geothermal  harnessing  of  energy  from  hot,  dry  rock.  Knowledge 
of  direction  and  magnitude  of  principal  stresj  will  permit 
efficient  fracturing  of  rock. 

o  Estimating  excavation  costs  for  deep  underground  construction. 

o  Determining  stability  of  opening  In  deep  rocks. 

o  Discrimination  of  teieseismlc  signals  to  determine  their  origin 
(earthquake  or  explosion). 

o  Earthquake  prediction. 
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1.0  LNTfvODUCTION  AND  SU>tlu\RY 

An  important  geophysical  objective  is  the  measurement  of  the  magnitude, 
and  direction,  o  the  in-situ  tectonic  stresses  present  within  the  crust  of 
the  earth.  Aside  from  the  fundamental  value  of  knowledge  of  the  tectonic 
stresses  present  in  lithospheric  plates,  the  ability  to  determine  the  In-situ 
stress  in  deep  joreholes  is  likely  to  have  Important  applications  in  the 
fc flowing  four  areas: 

o  Geothermal  harnf  -sing  of  energy  from  hot,  dry  rock. 

o  Estimating  excavation  costs  for  deep  underground  construction. 

o  Determining  stability  of  opening  in  deep  rocks. 

o  Discrimination  of  teleselsmic  signals  to  determine  their 
origin  (earthquake  or  explosion). 

o  Earthquake  prediction. 

In  modern  concepts  of  harnessing  geothermal  energy,  one  proposes  to 
extract  thermal  energy  in  hot,  dry  rock  at  ccnsiderable  depth  in  the  earth. 
In  this  scheme  one  derives  heat  from  hot,  dry  r^ck  at  considerable  depth  by 
circulating  water  in  such  rock.  To  increase  heat  transfer  one  is  required 
to  fracture  the  rock  at  sufficient  depths  to  provide  increased  surface  area 
for  improved  heat  transfer  between  the  circulated  water  and  the  rock.  For 
efficient  and  economical  fracturing  of  the  rock  at  depths  of  interest,  a 
precise  knowledge  of  the  magpituee  and  direction  of  the  principal  stresses 
is  required.  The  optical  instrument  described  in  this  report  offers  the 
potential  to  serve  as  a  logging  tool  for  in-situ  stress  measurement  as  a 
function  of  depth  in  a  pilot  borehole.  In-situ  stress  data  obtained  from 
the  p'tlot  borehole  will  permit  one  to  more  accurately  predict  fracturing 
and  othf  associated  costs  with  the  development  of  a  particular  geothermal 
site . 

For  example,  knowledge  of  the  basic  data  related  to  rock  properties 
is  required  for  the  design  of  openings  in  rock.  Among  the  required  data, 
information  pertaining  to  in-situ  stress  field  is  necessary.  Such  informa¬ 
tion  is  required  to  both  determine  the  stability  of  openings  and  assure 
safety  underground.  As  mining  proceeds  to  greater  depth,  in-situ  stress 
field  measurements  at  operational  depths  become  important  to  production 
planning.  The  reduction  in  lisks  of  rock  bursts  and  cave-ins  in  a  mine 
is,  in  general,  dependent  on  the  stability  of  the  surrounding  stress  field 
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(tectonic  and  overburden)  and  its  long-term  response  to  access  tunnels  and 
shafts.  Tlius,  one  primary  requirement,  in  addition  to  knowledge  of  the 
underground  geology,  in  the  safe  design  of  the  mine  openings,  is  the  deter¬ 
mination  of  both  the  magnitude  and  direction  of  the  in-situ  stress  fields^. 

2  3  4 

Previously  available  in-situ  stress  measurement  techniques  ’  ’  do  not 

provide  a  complete  measure  oi  the  state  of  stress  in  the  vicinity  of  the 

2 

borehole.  For  example,  the  Bureau  of  Mines  borehole  deformation  gage  , 
which  is  currently  the  best  available  technique,  provides  sufficient  informa¬ 
tion  to  calculate  the  state  of  stress  in  a  plane  normal  to  the  borehole. 

In  order  to  obtain  a  measure  of  all  the  components  of  stress,  borehole 
deformation  measurements  would  be  required  from  three  non-parallel  boreholes. 
In  calculating  the  stability  of  openings,  it  is  also  necessary  to  have  a 
measure  of  the  in-situ  stress  (tectonic  plus  overburden)  parallel  to  the 
axis  of  the  vertical  borehole.  Disadvantage?  of  the  Bureau  of  Mines 
borehole  deformation  gage  are  that  the  state  of  stress  at  a  point  is  diffi¬ 
cult  to  measure  even  using  three  holes  and  additional  expenses  are  incurred 
in  drilling  three  holes  rather  than  one.  Even  after  three  holes  are 
drilled,  the  technique  provides  a  measure  of  three-dimensional  average 
ground  stress  components  because  of  the  nature  of  the  instru  .  itatlon  used. 

If  this  technique  were  utilized  cO  obtain  a  measure  of  the  in-sltu  stresses 
as  a  function  of  depth,  the  expense  Incurred  would  be  large,  especially  if 
the  application  is  for  the  design  of  a  deep  mine.  It  should  be  pointed  out 
however,  that  the  USBM  gage  is  a  working  instrument. 

Ideally,  it  would  be  desirable  to  obtain  information  pertaining  to  the 
three-dimensional  stress  components  as  a  function  of  depth  from  a  single 
borehole.  To  satisfy  this  need,  TRW  Systems  has  conceived  an  optical  instru¬ 
ment  which  offers  the  ability  to  perform  the  foregoing.  The  optical  instru¬ 
ment  would  apply  holographic  Interferometry  to  the  problem  of  determining 
stresses  in  deep  boreholes.  The  advantage  of  holographic  interferometry  is 
that  strains  can  be  determined  over  a  large  area  (several  square  inches  with¬ 
out  special  surface  preparation).  Data  acquisition  rates  are  limited  only 
by  film  exposure  time  and  the  side  hole  stress  relief  drilling  operations. 

The  optical  instrument,  as  it  would  be  deployed  in  the  field,  is  shown  in 
Figure  1.1.  As  a  first  step  to  demonstrate  this  potential  capability,  TRW 
Systems  ha.'  designed  and  built  a  laboratory  model  of  the  holographic  instru¬ 
ment,  capable  of  operating  in  a  water-flooded  simulated  borehole  environment. 
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Figure  1.1:  Optical  Instrument  for  in-situ  sfesK  measurements. 
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Laboratory  experiments  conducted  with  this  instrument  lave  established  the 
engineering  feasibility  of  utilizing  holographic  techniques  to  measure  in-situ 
stress  fields  in  boreholes. 

The  principle  of  operation  of  TRW's  holographic  instrument  Involves 
measuring  the  strain  relief  in  the  side  wall  of  the  borehole  caused  by 
drilling  a  small  corehole.  The  strains  are  recorded  using  holographic 
interferometry  where  the  displacement  fields  are  stored  in  fringe  patterns 
covering  the  surface  of  the  specimen.  Tlie  fringe  patterns  obtained  from 
holograms  conform  with  those  predicted  by  analytical  predictions  obtained 
from  the  classical  theory  of  elasticity.  The  fringe  patterns  are  amenable 
to  reduction  with  the  aid  of  a  computer  code. 

The  holographic  instrument  was  designed  to  operate  in  a  water-flooded 
nine-inch  diameter  borehole.  The  instrument  consists  of  three  specially 
designed  modules:  (1)  core  drill  module,  (2)  optics  module,  and  (3)  laser 
module.  The  core  drill  module  provides  the  mechanisms  for  drilling  a  side 
corehole  in  the  wall  of  the  borehole  while  each  phace  in  the  underwater 
drilling  operation  is  sequentially  operated  from  an  external  control  console. 
The  optics  module  packaged  within  a  waterproof  capsule  contains  the  necessary 
optical  components  for  making  a  hologram.  The  laser  module  provides  the 
coherent  light  source  (laser)  for  the  optics  module  and  is  designed  to  main¬ 
tain  a  high  degree  of  optical  alignment. 

For  the  present  laboratory  feasibility  demonstration,  a  simulated  9" 
diameter  borehole  was  constructed  out  of  concrete.  Prestressed  rock  speci¬ 
mens  were  attached  to  a  fixture  in  the  wall  of  the  concrete  hole  so  that 
holographic  inter ferograms  could  be  obtained  of  the  strain  relief  due  to  a 
side  core.  The  core  drill  module  and  optics  module  were  held  in  place  within 
the  concrete  borehole  using  a  pneumatically  driven  clamp. 

Upon  clamping  of  the  optics  and  drilling  modules,  the  laser  is  turned 
on  and  a  holographic  exposure  is  made  on  the  photographic  plate.  A  small 
3/8"  diameter,  ~  3/8"  deep  hole  is  then  drilled  in  the  prestressed  rock 
sample.  After  the  drill  is  withdrawn,  the  water  is  allowed  to  settle  and 
a  second  holographic  exposure  is  made.  The  second  exposure  provides  the 
stress  relief  data.  After  processing,  the  holographic  interferogram  is 
reconstructed  and  the  fringe  pattern  analyzed  for  a  determination  of  the 
strain  relief  around  the  corehole.  In  the  present  experiments,  rather  than 
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carrying  out  a  direct  inversion,  the  photo-recorded  fringes  were  directly 
compared  to  their  computer  generated  counterparts.  The  computer  generated 
fringe  patterns  were  calculated  from  the  elasticity  solution  of  the  stress 
pattern  around  a  finite  hole  in  a  plate  subject  to  one-dimensional  plane 
stress  and  the  geometry  of  laser  illumination  and  viewing  hologram  recon¬ 
struction.  Initial  tests  in  a  simulated  borehole  have  Indicated  good  agree¬ 
ment  with  experiment  and  theory. 

In  the  field  version  the  measurement  of  displacement  fields  as  a  result 
of  side  coring  will  be  carried  out  at  three  azimuthal  directions  around  the 
borehole  at  a  given  elevation.  The  displacement  data  obtained  will  provide 
sufficient  information  to  deduce  the  three-dimensional  stress  field  present 
at  that  point  around  the  borehole.  These  displacement  fields  will  be 
utilized  to  obtain  the  in-situ  principal  stresses.  Thus,  a  major  future 
task  required  for  inverting  field  data  to  in-sltu  stress  will  be  the  develop¬ 
ment  of  necessary  analysis  and  software  for  further  reducing  holographic 
data.  A  good  start  towards  this  objective  has  already  been  made  by  TRW  in 
this  direction  for  a  different  application  to  obtain  displacement  fields, 
in  a  similar  geometry,  from  holographic  interferograms.  This  aspect  of 
in-situ  stress  data  reduction  is  given  In  Section  5.0. 
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2.0  HOLOGRAPHIC  INTERFEROMETRY 


The  basic  concept  underlying  the  meftsurement  of  in-situ  stress  in 
the  optical  instrument  is  to  use  holographic  interferometry  to  measure 
all  three  components  of  displacement  as  a  function  of  position  produced 
by  the  relief  of  stress  around  a  small  corehole  which  is  drilled  in  the 
side  wall  of  an  existing  uncased  borehole. 


Holographic  interferometry  is  derived  from  the  ability  of  the 
hologram  to  reconstruct  a  true  three-dimensional  image  of  a  solid  object. 
The  process  records  both  the  amplitude  and  the  phase  distributions  of 
an  optical  wavefront  (from  a  laser  source)  which  has  interacted  with 
a  sceie.  The  hologram  is  recorded  on  a  standard  high  resolution 
photographic  emulsion.  The  image  retrieval  process,  termed  reconstruction, 
reproduces  the  wavefronts  of  the  light  as  they  existed  during  the 
original  exposure.  An  observer,  or  observing  camera,  viewing  through 
the  hologram  sees  a  virtual  image  of  the  scene  just  as  it  existed  when 
the  hologram  was  recorded  after  film  development  and  upon  Illumination 
by  a  laser. 


2.1  Double-Exposure  Holographic  Interferometi 


The  technique  of  "double-exposure  holographic  Interferometry" 
allows  one  to  make  precise  displacement  mjasurements  over  the  diffuse 
surface  of  rocks  (Ref.  5).  The  essentials  of  the  technique  used  on  this 
program  are  as  follows:  First,  a  single-exposure  hologram  oi  the 
prestressed  rock  specimen  in  an  underwater  environment  is  made.  Then, 
the  rigidly  held  rock  is  partially  strain  relieved  by  drilling  a  corehole 


in  the  field  of  view  of  the  Instrument.  The  water  is  allowed  to  settle 


a  few  minutes  and  then  a  second  exposure  is  made  on  the  same  holographic 
plate  to  form  the  interferogram.  When  this  "double-exposed  hologram" 
is  developed  and  then  reconstructed  vi£  illumination  with  a  laser  and 
photographed  it  is  possible  to  recover  the  surface  displacement  of 


the  boiehole. 


For  the  present  program  the  interpret itlon  of  the  fringe  patterns 
obtained  from  the  holograms  is  accomplished  using  the  technique  described 
by  Aleksandrov  and  Bronch-Bruevlch  (Ref.  6).  It  can  be  shown  that  the 
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dark  fringes  covering  the  surface  of  the  borehole  are  located  wherever 
the  condition 

J  .  (8  +  c)  -  X  (2.1) 

Is  satisfied;  where 

6  ■  displacement  vector  representing  the  defor¬ 
mation  of  the  borehole  wall  at  a  point  on 
Its  surface 

X  ■  wavelength  of  the  light  from  the  laser  used 
to  make  and  reconstruct  Lhe  holographic 
Images 

c  ■  unit  vector  In  the  direction  from  the  object 
to  the  Illuminating  source 

s  •  unit  vector  In  the  direction  from  a  given 
point  on  the  borehole  through  the  hologram, 
to  the  observer 

n  •  Integer,  +1,  +2,  +3,  .  .  .  . 

The  term  6  •  (s  +  c)  Is  best  understood  using  the  vector  diagram  de- 
plcted  In  Figure  2.1.  The  term  (s  +  c)  represents  a  vector  bisecting 
the  angle  between  vectors  C  and  s  having  a  length  2  cos  1/2  (s,  c) . 

Hence  the  term  6  •  (s  +  c)  represents  the  con.p  )Por>t  of  deflection, 

6  In  the  direction  of  a  unit  vector  bisecting  the  angle  between 

the  viewing  and  Illuminating  direction  times  a  factor  2  cos  1/2  (s,  c) . 
Hence,  Equation  (2.1)  can  be  written 


,  _ <  2n  -  1)  X 

”c,8  4  c  >8  1/2  (^, 


(2.2) 


Qualitatively,  the  fringes  seen  over  Lhe  object  represent  lines  of 
constant  dlsplacemeuw  In  the  direction  of  the  vector  c  +  s.  If 
parallel  light  Is  used  to  Illuminate  the  object  and  the  angle  subtended 
by  the  object  from  the  position  of  the  observer  Is  less  than  1®,  then 
the  vector  c  +  s  can  be  considered  constant  for  all  points  on  the 
object  surface. 

The  total  displacement  field  of  the  borehole  wall  Is  obtained  by 
appropriately  varying  the  Illumination  and  viewing  direction  and  hence. 
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Figure  2.1:  Vector  diagram  showing  the  relationships 
between  the  vectors  used  In  Eq.  (2.1). 

the  direction  of  the  vector,  c  +  s.  Once  the  total  displacement  field 
of  the  borehole  wall  Induced  by  stress  relieving  a  small  volume  of 
rock  around  the  side  core  Is  obtained,  the  stresses  existing  before 
both  tne  main  borehole  and  "side"  corehole  were  drilled  must  be  Inferred 
using  the  theory  of  elasticity  and  knowledge  of  the  elastic  properties 
of  the  rock  formation  being  tested.  The  appropriate  stress  analysis 
for  the  case  of  our  laboratory  twSts  In  rock  stmples  under  conditions 
of  pre-existing  simple  plane  compression  and  the  general  case  of 
determining  the  principal  stress  tensor  with  arbitrary  orientation 
with  respect  to  the  borehole.  Is  given  In  Sections  5.0  and  6.0.  A 
discussion  of  the  analysis  of  stress  relief  in  plane  cylindrical 
geometry  is  given  In  Appendix  A. 

One  of  the  major  accomplishments  of  the  project,  in  the  use  of 
holographic  interferometry  In  a  borehole,  was  the  achievement  of  the 
relative  stability  of  the  optical  components  between  hologram  film 
exposures,  i.e.,  during  the  time  the  side  corehole  is  being  drilled. 
Although  some  movement  of  the  optical  components  relative  to  the  borehole 
is  tolerable,  movements  of  the  optical  components  more  than  0.006  mm, 
or  10  optical  wavelengths  Is  not  acceptable.  Rigid  body  displacement 
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of  the  optics,  between  exposures,  can  give  rise  to  a  series  of 
approximate  parallel  fringes  on  the  resulting  holograms.  As  long  as 
rigid  body  displacements  do  not  exceed  several  light  wavelengths, 
the  nominal  number  of  "finite  fringes"  superimposed  on  the  strain 
Induced  fringes  can  be  ••emoved  in  numerical  analysis  of  the  resulting 
holograms. 

2.2  Finite  Fringe  Double-Exposure  Holographic 
Interferometry _ 

The  technique  of  finite  fringe  interferometry  is  a  slight  variation 
of  conventional  double-exposure  holographic  interferometry  (Ref.  /) . 

The  essentials  of  this  technique  Are  identical  to  those  described  in 
Section  2.1  except  that  a  controllable  induced  displacement  takes  place 
between  exposures.  This  creates  a  uniform  pattern  of  fringes  which  are 
a  function  of  the  amount  and  direction  of  the  displacement.  Nearly 
straight  fringes  can  be  created  when  the  displacei^ent  is  along  a  single 
axis.  The  operator  Induced  fringe  pattern  Interferes  with  the  strain 
relieved  fringe  pattern  to  yield  a  composite  fringe  pattern.  Relief 
will  be  measurable  out  to  the  beginning  of  the  fringe  departure  from 
the  background  fringe  pattern. 

The  Induced  fringe  density,  as  well  as  fringe  orientation,  are 
Important  for  this  technique  to  work  in  a  real  borehole  atmosphere. 

In  the  laberatory  version  the  rock  specimen  support  was  displaced 
between  exposures.  In  the  field,  the  holographic  film  plane  could  be 
equivalently  displaced  to  yield  identical  results. 
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3.0  LABORATORY  MODEL  DESIGN  APPROACH 

A  study  was  performed  on  a  hypothetical  operational  field  unit  to 
define  the  system  requirements.  Based  on  this  system  definition,  design 
requirements  were  formulat - i  for  the  laboratory  model. 

Pre-design  experiments  were  performed  to  solve  engineering  problems 
and  to  Insure  a  sound  and  workable  design.  A  three-dimensional  composite 
design  concept  was  made  to  determine  how  to  best  package  all  the  components 
Into  the  limited  space  within  the  design  requirements.  This  approach  pro¬ 
vided  a  realistic  feel  for  the  design  without  using  a  fabricated  model. 

Two  sets  of  experiments  were  performed  before  detailed  design  sketches 
were  prepared.  The  first  Involved  Investigation  of  various  optical  arrange¬ 
ments  for  the  holographic  optics  module.  This  was  to  Insure  that  the  most 
efficient  arrangement  from  a  space  standpoint  was  used  and  to  Insure  that 
the  design  would  provide  holograms  of  consistent  quality  during  extended 
operations.  The  second  set  of  experiments  Involved  finding  the  mechanical 
requirements  for  the  core  drill  module  so  that  the  smallest  possible  package 
could  be  designed. 

The  following  guidelines  for  the  laboratory  version  were  es  abllshed 
based  on  the  system  study  and  laboratory  onven.'.ence : 

1.  Only  the  holographic  optics  module,  the  core  drill  module  and 
the  hole  locking  mechanisms  were  packaged  for  testing  In  ^ 
water  flooded  environment.  The  laser  module  was  sized  to  fit 

In  a  9-lnch  hole  but  was  primarily  designed  only  to  support  the 
laboratory  experiments  without  operation  In  a  water  flooded 
environment . 

2.  All  other  support  functions  were  kept  external  to  t..''  laboratory 
simulated  borehole  (l.e.,  the  laser,  ail  electric  power  supplies, 
fresh  water  supply,  etc.). 

3.  The  holographic  optics  recording  module  V7as  mechanically  Isolated 
during  the  corehole  drilling  operation. 

4.  The  holograms  were  recorded  on  4"  x  5"  glass  holographic  plates 
while  a  mechanized  film  cassette  would  be  needed  in  the  field 
version  for  data  storage. 
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5.  The  core  drill  module  was  designed  so  that  the  core  drill  could 
be  removed  f 'on  the  field  of  view  during  film  exposures.  At  the 
same  time,  the  module  was  designed  such  that  a  sufficient  vari¬ 
able  drill  feed  force  could  be  provided  for  the  drilling  operation. 

6.  The  optical  arrangement  for  obtaiilng  the  holographic  Interfero- 
grams  was  such  that  a  single  laser  beam  would  provide  sufficient 
rock  surface  illumination. 

7.  The  core  drill  module  was  Internally  pressurized  to  prevent  water 
from  leaking  through  various  seals  while  the  optics  and  laser 
modules  were  unpressurized .  In  the  field  operation,  positive  air 
pressure  equal  to  the  ambient  pressure  will  be  maintained  on  the 
interior  of  the  modules  to  offset  that  of  the  outside  water. 

The  simulated  borehole  was  constructed  of  concrete  with  a  nlne- 
inr.h  hole.  Two  ports  were  built-in  to  the  concrete  to  aid  in  the 
collection  of  holographic  data.  The  specimen  port  was  designed 
for  easy  insertion  of  prestressed  flat  specimens  while  the  viewing 
port  was  designed  for  checking  optical  alignment  and  simplified 
removal  of  holographic  plates. 

The  final  laboratory  version  is  sketched  in  Figure  3.1.  A  description 
of  the  final  prototype  modules  and  simulated  borehole  is  given  in  Sections  3.1 
to  3.4. 

3.1  The  Core  Drill  Module 

The  core  drill  module  provides  the  mechanisms  for  drilling  the  side 
core  hole  in  the  prestressed  rock  specimen  between  holographic  exposures. 

The  main  features  of  the  module,  shown  in  Figure  3.2,  are:  The  lower  housing 
which  contains  the  drive  and  feed  motors  as  well  as  other  auxiliary  pneu¬ 
matic  and  electronic  components;  anu  the  extendable  drill  head  which  hous  s 
the  right  angle  drive  and  the  drill  core  bit.  The  drill  head  can  be  raised 
and  lowered  so  that  it  will  not  be  within  the  field  of  view  during  the  holo¬ 
graphic  exposure.  A  pneumatic  cylinder  is  used  to  control  this  operation. 

The  drill  bit  is  operated  by  means  of  a  specially  designed  2-7/8  inch  diam¬ 
eter  motor  which  is  powered  by  24  volts  D.C.  and  ~3  amperes  and  provides 
30  In-oz  of  torque  at  4000  RPM.  This  motor  is  located  in  the  lower  housing 
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Figure  3.2:  Photograph  of  the  core  drill  module  components.  The  right 

angle  core  drill  head  is  pneumatically  raised  and  lowered  out 
of  the  core  drill  drive  assembly.  In  turn,  the  core  drill 
drive  assembly  is  moved  in  and  out  of  the  support  housing  via 
a  lead  screw  mechanism  to  provide  the  drilling  motion. 


13 


TRW 

and  is  connected  to  the  drill  by  means  of  a  linkage  within  the  drill  head 
extension  i  rm.  The  right  angle  drive  in  the  drill  head  was  specially 
designed  to  transfer  a  high  torque  to  the  drill  bit  and  yet  fit  into  the 
small  space  dictated  by  the  geometry  of  the  borehole  configuration.  Once 
into  position,  the  core  drill  is  advanced  into  the  rock  specimen  by  means 
of  a  small  lead  screw  motor  contained  in  the  lower  housing.  This  is  a  low 
speed,  high  torque  motor  v’hlch  is  also  operated  with  24  volts  D.C.  The 
lead  screw  mechanism  operates  by  moving  the  complete  core  drill  inner  hous¬ 
ing  assembly  in  and  out  of  the  outer  module  steel  housing  on  two  support 
pins.  The  maximum  side  core  drilling  capability  in  the  present  configura¬ 
tion  is  approximately  one  inch.  The  steel  core  drill  module  outer  housing 
is  held  stationary  in  the  borehole.  Independent  of  the  optics  module,  by 
its  own  pneumatically  driven  locking  mechanism. 

The  diamond  core  bit  (1/4  inch  or  3/8  inch  diameter  in  tne  present 
experiments)  is  connected  to  a  hollow  shaft  which  extends  out  the  rear  of 
the  drill  head.  A  small  suction  tube  is  attached  to  this  shaft  for  the 
removal  of  debris  during  the  coring  operation.  This  concept  is  exactly 
opposite  to  that  normally  used  to  remove  cuttings  from  core  drills.  It 
prevents  the  debris  from  clouding  the  water  around  the  specimen  and 
obstructing  the  field  of  view.  In  a  field  deployment  operation,  this  tech¬ 
nique  will  also  be  ur.ed  to  filter  muddy  or  clouded  water  in  the  vicinity 
of  the  holographic  viewing  area. 

3 . 2  The  Optics  Module 

The  optics  module  consists  of  a  cylindrical  package  which  contains  all 
of  the  optical  components  required  for  making  a  hologram  of  the  side  wall 
of  the  borehole.  The  module  consists  of  an  internal  optics  support  struc¬ 
ture  packaged  within  a  cylindrical  waterproof  anodized  aluminum  capsule. 

The  internal  "skeletal"  structure,  shovm  in  Figure  3.3,  consists  of  four 
steel  threaded  rods  to  which  the  optical  support  fixtures  are  attached. 

Theo"*  rods  were  ground  to  tight  tolerances  to  allow  the  fixtures  to  slide 
with  minimum  play  and  yet  not  bind  up  on  the  threads.  Hexagonal  nuts  are 
used  to  rigidly  hold  each  support  fixture  in  position.  This  approach  allows 
gross  adjustment  of  the  optical  elements  to  be  made  on  the  support  rods 
while  final  adjustments  are  made  with  the  use  of  set  screws  behind  the  key 
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Figure  3.3:  Photograph  of  the  holographic  optics  support  structure. 

The  threaded  rods  and  bulkheads  provide  rigidity  for  the 
optics  while  providing  versatility  in  the  adjustment  of 
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optical  elements,  'flie  structure  Is  r.ade  rlpld  by  bracing  the  rods  between 
three  aluminum  bulkheads.  The  holographic  film  plate  location  is  further 
strengthened  by  two  additional  bulkheads.  This  very  rigid  structure  is 
needed  in  order  to  prevent  any  optical  path  length  changes  during  or  between 
the  holographic  exposures  in  the  borehole  environment. 

A  breakaway  view  of  the  Internal  optics  structure  is  shown  schemati¬ 
cally  in  Figure  3.4.  Referring  to  this  figure,  the  light  from  the  laser 
module  enters  from  the  right  and  Is  split  by  a  variable  beam  splitter  into 
two  beams,  the  object  and  reference  beams.  The  prisms  in  the  object  beam 
can  be  adjusted  so  that  its  path  length  can  be  accurately  matched  to  that 
of  the  reference  beam  as  required  by  the  holographic  process.  The  final 
prism  in  the  path  of  the  scene  beam  has  a  rough  surface  which  serves  to 
uniformly  diffuse  the  light  onto  the  specimen.  The  diffuse  reflection  from 
the  rock  specimen  reflects  back  through  the  window  and  onto  the  4"  x  5" 
holographic  plate  where  it  interacts  with  the  reference  beam.  The  refer¬ 
ence  beam  was  expanded  by  a  negative  lens  and  routed  with  adjustable  mirrors 
until  it  covered  by  4"  x  5"  film  plate. 

The  module  contains  three  glass  windo^^7s.  A  small  round  (40  mir  diameter) 
window  located  on  the  top  of  the  module  is  the  entrance  point  for  the  laser 
beam  (from  the  laser  module).  A  second  40  mm  diameter  window,  located  in 
the  plane  of  the  specimen  and  the  hologram,  allows  the  scene  beam  to  exit 
the  module  and  illuminate  the  specimen.  The  third  window  is  a  relatively 
large  (115  mm  x  190  mm)  rectangular  viewing  port  located  directly  between 
the  hologram  and  the  specimen.  A  removable-  aluminum  cover  plate  is  located 
in  the  outer  capsule  immediately  behind  the  hologram.  This  allows  easy 

access  fu  the  hologram  before  and  after  the  tests.  It  is  also  possible  to 

adjust  the  reference  beam  lens  with  this  plate  removed.  In  the  same  manner 
as  was  used  with  the  core  drill  module,  the  optics  module  was  held  rigidly 

in  the  hole  by  means  of  a  pneumatically  driven  locking  mechanism. 

The  complete  optics  module  (without  its  waterproof  capsule)  is  shown 
in  Figure  3.5  along  with  the  core  drill  module  described  in  the  previous 
section. 
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3.3  Laser  Module 

The  laser  module  was  designed  for  laboratory  using  an  existing  TRW 
laser.  The  laser  module  consists  of  a  standard  Spectra  Physics  15  raw  HeNe 
laser  mounted  vertically  in  a  i.tne-inrh  diameter  cylindrical  capsule.  The 
laser  is  rigidly  attached  to  the  Inside  of  the  capsule  with  the  optical 
axis  of  the  laser  beam  near  the  center  of  the  capsule.  A  laser  beam  steerer, 
consisting  of  two  adjustable  mirrors,  if  used  to  align  the  beam  into  the 
beam  splitter  located  in  the  optics  module  The  laser  module  is  mated  to 
tht  ,-ptics  module  by  locking  hexagonal  nuts  to  the  four  threaded  rods  pro¬ 
truding  from  the  optics  module.  No  effort  w^'.s  made  to  capsulate  the  laser 
in  a  waterproof  housing  since  it  would  not  be  subjected  to  water-flooded 
environment  during  the  laboratory  tests.  In  the  field  version  the  laser 
and  power  supply  would  be  packaged  to  withstand  the  anticipated  deep  bore¬ 
hole  environmental  conditions. 

3.4  Simulated  Borehole  Preparation 

A  simula..ed  laboratory  borehole  was  required  to  demonstrate  the  capa¬ 
bilities  of  the  laboratory  model.  Ideally,  a  simulated  borehole  would  have 
consisted  of  a  cylindrical  nine-inch  diameter  wall  of  water-saturated  stressed 
rock  taken  from  a  deep  borehole  environment.  Since  thl3  was  not  possible, 
the  following  compromises  were  made  to  best  simulate  a  deep  borehole  environ¬ 
ment  within  the  confines  of  the  laboratory:  (1)  the  laboratory  borehole  was 
constructed  of  concrete  capable  of  being  filled  with  water,  (2)  high  stress 
concentrations  in  rocks  were  simulated  with  flat  prestressed  granite  speci¬ 
mens,  and  (3)  holographic  plate  removal  was  simplified  with  an  access  port 
in  the  concrete  borehole  and  cover  plate  in  the  optics  module  since  a  film 
cassette  was  not  a  part  of  the  laboratory  model  to  demonstrate  engineering 
feasibility  of  in-situ  stress  measurement. 

The  simulated  borehole  shown  in  Figure  3.6  was  cast  in  a  standard 
reinforced  concrete  form  (24  inches  in  diameter  and  68  inches  lilgh)  with  a 
central  through  hole  (9  inches  diameter).  Two  anodized  aluminum  ports  were 
added  prior  to  cast.'ng  to  aid  in  collecting  holographic  information.  The 
round  specimen  port  was  15  inches  in  diameter  and  was  capable  of  handling 
prestressed  flat  rocks  (round  or  rectangular)  up  to  5.5  Inches  in  diameter. 
Specimens  were  held  in  position  with  star-like  aluminum  fixture  and  were 
indexed  by  a  symmetrical  four  bolt  pattern.  Water  sealing  was  achieved 
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Figure  3.6:  Concrete  borehole  with  associated  electrical  and  plumbing  con¬ 
nections  to  the  core  drill  and  optics  modules  (positioned  out 
of  view  in  the  concrete  borehole).  The  24  volt  power  supplies, 
pressure  gages  and  control  unit  Is  on  the  right  of  the  concrete 
borehole.  The  rectangular  access  port  on  the  right  side  of  the 
borehole  is  for  viewing  and  Installing  holograms.  The  cylin¬ 
drical  opening  on  the  left  side  (partially  hidden)  Is  for  specl- 
uion  installation.  The  black  cylinder  on  top  of  the  borehole  Is 
Is  the  laser  module.  Plastic  water  reservoirs  and  laser  shutter 
control  are  located  to  the  left  out  of  the  field  of  view. 
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either  by  a  compressed  0-rlng  or  by  P.TV  sealant.  The  rectangular  access 
port  (8  Inches  x  15  Inches)  simplified  the  removal  of  holographic  plates 
during  testing  by  not  having  to  unclamp  and  remove  the  optics  module  after 
each  test.  A  drain  hole  was  Incorporated  at  the  bottom  for  filling  and 
draining  water  In  the  borehole.  Water  was  stored  In  a  plastic  reservoir 
and  allowed  to  fill  the  borehole  by  gravity.  Water  was  returned  to  the 
same  reservoir  with  a  small  water  pump. 

The  core  drill  module  was  positioned  in  the  borehole  for  drilling  a 
hole  In  the  center  of  the  specimen  opening.  The  core  drill  module  was 
pneumatically  he?d  In  place  to  the  concrete  wall  with  a  clamping  cylinder 
and  support  pads.  The  associated  plumbing  and  electrical  connections  to 
the  control  box  were  interfaced  to  the  core  drill  module.  The  control  box 
was  designed  with  Interlocks  for  sequencing  the  drill  operation  (l.e., 
raising,  advancing,  drilling,  retracting,  lowering).  A  tabulation  of  the 
Installation  and  checkout  procedure  Is  given  In  Figures  3.7  and  3.8. 

The  optics  module  with  Its  coatf d  optics  was  aligned  prior  to  Insertion 
Into  Its  environmental  capsule.  The  optics  module  was  then  mated  to  the 
laser  mdoule  and  bench  tests  were  conducted  to  Insure  alignment  stability 
and  optimum  exposure  settings.  The  two  modules  were  disconnected  and  eacn 
Installed  Individually  Into  the  concrete  borehole.  The  optics  module  was 
pneumatically  held  to  the  concrete  wall  in  a  manner  similar  to  the  core 
drill  module.  The  laser  module,  consisting  of  a  15  mw  HeNe  laser  and  beam 
steerer,  was  locked  with  hexagonal  nuts  to  the  four  threaded  rods  of  the 
optics  module  described  In  Section  3.2.  Additionally,  a  ring  was  attached 
to  the  laser  module  to  prevent  the  lower  optics  module  from  slipping  In  the 
event  of  loss  of  air  pressure. 

3 . 5  Prestressed  Rock  Techniques 

Two  fundamentally  different  techniques  were  used  to  prestress  granite 
rock  for  the  borehole  simulation  “ests.  A  simple  approach  (shown  In 
Figure  3.9  and  analyzed  In  Section  6.0)  was  selected  as  the  primary  method 
of  Inducing  approximately  plane  stress,  prestresses  In  rock  specimens.  Here, 
a  rectangular  block  of  White  Sierra  granite  (2"  x  h"  x  5.75")  obtained  from 
Mojave  Granite  Co.,  Los  Angeles,  California,  was  uniaxlally  loaded  In  com¬ 
pression  from  two  sides  with  two  quarter  point  positioned  steel  bdll  bearings. 
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Figure  3.7:  Summary  table  of  holographic  Instrument 
installation  and  checkout  procedure  In 
simulated  borehole. 


STEP 

DESCRIPTION  OF  INSTALLATION 

CHECKOUT 

1 

Lower,  align  and  lock  core 
drill  module  into  position  for 
drilling  perpendicular  to  the 
specimen  opening. 

Monitor  eidewall  locking  with 
pressure  regulator  C-1  and 
gage  G-1  ('-150  psl)  on  control 
panel  (N2  bottle). 

2 

Pneumatically  raise  and  lower 
drill  head  of  core  drill 
module. 

Monitor  with  pressure  regula¬ 
tor  R-2  and  gage  G-2  (^50  psl) 
on  control  panel  (house  air 
pressure) . 

3 

Lower  and  lock  optics  module 

Into  position  for  unobstructed 
viewing  of  the  specimen  open¬ 
ing.  /»llgn  optics  module  win¬ 
dow  perpendicular  to  the  drill 
head  of  the  core  drill  module. 

Monitor  sidewall  locking  with 
pressure  regulator  0-1  and 
gage  G-1  (~150  psl)  on  control 
panel  (N^  bottle) . 

4 

Lower  and  lock  laser  module  to 
optics  module  with  four  hexag¬ 
onal  nuts  to  the  four  protrud¬ 
ing  threaded  rods  of  the  optics 
module. 

Verify  object  and  reference 
beam  alignment  with  laser. 

Figure  3.8;  Sunnnary  table  of  control  box  checkout 
and  drilling  procedure. 
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Move  SW-1  to  "up"  Pneumatically  lift  drill  head  Lights  L-2 ,  L-4,  L 

into  drilling  position  (L-5  should  be  "on"  and 

comes  "on"  only  at  full  exten-  others  "off." 
sion  of  stroke). 


Figure  3.8:  Summary  table  of  control  box  checkout 
and  drilling  procedure  (cont.). 
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HEXAGONAL  NUTS  FOR 
ADJUSTING  LOAD 


STEEL  RODS  WITH 
STRAIN  GAGES 


QUARTER  POINT 
POSITIONED  BALL 
BEARINGS  ONTO 
4"  X  2"  LOAD 
DISTRIBUTION 
STEEL  BLOCK 


Figure  3.9:  Unaxlal  loading  fixture  for  flat  granite  specimens  (2"  x  4"  x 
-''.75").  The  hole  in  the  tenter  is  from  the  1/4"  core  drill. 
The  rods  are  strain  gaged  for  monitoring  while  loading  the 
specimen.  Loading  is  accomplished  by  tightening  the  hexagonal 
nuts  on  top. 
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Rosette  strain  gages  were  applied  to  the  steel  rod  so  that  the  load  could 
be  monitored.  The  rods  were  loaded  equally  by  tightening  the  two  'nexagonal 
nuts  which  in  turn  loaded  the  rock.  The  steel  rods  were  calibrated  in  a 
Baldwin  loading  machine  using  strain  gages.  A  strain  gage  was  attached  to 
a  granite  specimen  in  the  loading  fixture  and  correlated  with  the  actual 
load  and  the  rod  calibration.  Additionally,  a  strain  gage  was  attached  to 
each  rock  specimen  to  insure  the  achievement  of  a  known  strain  level.  The 
strain  gage  calibration  curve  for  a  White  Sierra  granite  rectangular  speci¬ 
men  is  shown  in  Figure  3.10. 

In  the  cylindrical  specimen  we  attempted  to  achieve  uniform  compressive 
two-dimensional  strain  by  shrinking  a  machined  steel  ring  over  a  ground 
cylindrical  granite  specimen.  The  rock  specimens  were  specially  ground 
cylindrical  disks  of  White  Sierra  granite  2  inches  thick  and  o.  6  inches  in 
diameter  by  slipping  a  heated  steel  ring  over  the  granite  disk  and  letting 
it  cool  to  create  a  two-dimensional  compressive  stress.  This  approach  was 
Intended  to  provide  a  symmetrical  radial  distribution  of  displacement;  however, 
insufficient  prestress  levels  were  obtained  from  shrink-fit.  The  rectan¬ 
gular  specimen  approach  was  easier  to  implement  and  offered  several 
advantages  such  as:  (1)  adjustable  stress  levels,  (2)  savings  in  machine 
time  (no  accurately  machined  steel  rings  or  round  specimens  required) ,  and 
(3)  quick  turnaround  time  in  obtaining  rectangular  specimens. 

Disadvantages  of  this  geometry  included:  (1)  only  an  approximate  state 
of  plane  compression  is  possible  with  a  finite  size  rock  sample,  and 
(2)  compressive  stress  applied  by  platens  is  inherently  nonuniform  at  edges 
of  steel  bearing  plates. 
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4.0  LABORATORY  EXl'ERIMENTS  IN  THE  SIMULATED  BOREHOLE 

Using  the  concepts  described  in  the  previous  section,  approximately 
twelve  definitive  tests  of  the  new  borehole  holographic  technique  we  have 
developed  were  carried  out.  Initially,  a  rigorous  step  by  step  procedural 
check  out  of  the  Instrumentation  was  performed.  Each  step  in  the  drilling 
operation  was  verified  to  be  functioning  as  designed.  (See  Figure  3.7  and 
3.8  in  Section  3.4.)  The  film  used  for  the  holographic  tests  was  Agfa~ 
Gevaert  10E75  4"  x  5"  anti-halation  glass  plates.  In  a  dry  environment 
high  brightness  fringe-free  single  exposure  holograms  were  readily  obtained 
with  a  minimum  exposure  of  one  second  and  normal  development  of  3-4  minutes 
in  Kodak  D-19  developer  using  our  15  mw  laser. 

Likewise  high  brightness  fringe— free  double  exposure  holograms  were 
readily  obtained  in  a  dry  environment  with  minimum  individual  exposures  of 
one-half  second.  Moderate  to  high  brightness  fringe-free  single  exposure 
holograms  were  readily  obtained  in  a  clean  water— flooded  environment  with 
minimum  exposures  of  one  to  two  seconds  (developing  in  Kodak  D-19  developer). 
Moderate  to  high  brightness  fringe-free  double  exposure  holograms  were 
obtainable  with  individual  exposures  of  one-half  to  one  second  in  a  clean 
water-flooded  environment.  When  the  spatial  variations  in  water  tempera¬ 
ture  and  turbulence  had  decayed,  little  or  no  difficulty  was  encountered 
in  taking  double  exposure  holograms  with  up  to  ten  minutes  between  exposures. 
For  long  times  between  exposures,  (l.e.,  >  5  minutes),  there  was  typically 
one  to  three  broad  fringes  due  to  some  form  of  unlnduced  displacement  without 
actually  drilling  a  hole  in  the  specimen.  These  fringes  were  generally 
out-of-plane  to  the  granite  surface  and  did  not  seriously  affect  the  results. 
When  we  did  not  wait  for  steady  conditions  in  the  water  to  prevail,  fila¬ 
mentary  fringing  could  be  seen  in  hologreims.  This  problem  was  readily 
overcome  by  allowing  the  water  to  thoroughly  settle  prior  to  making  both  the 
first  and  second  exposures.  In  virtually  all  our  holograms  some  finite 
fringing  was  obtained  such  that  some  fringes  from  rigid  body  displacement 
were  superimposed  on  the  fringe  pattern  produced  by  strain  relief.  The 
direction  of  displacement  was  identical  in  most  cases  as  evidenced  by  the 
same  fringe  orientation.  Thus,  the  rigid  body  displacement  can  probably  be 
attributed  to  the  method  of  specimen  support  or  the  instrumentation  clamping 
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system  in  the  simulated  borehole.  In  the  field  version,  because  of  the 
larger  mass  surrounding  the  borehole,  more  stable  conditions  would  be 
expected  to  prevail  which  should  minimize  extraneous  fringes. 

As  operator  confidence  in  the  instrumentation  improved  during  the 
check-out  procedure,  the  time  required  f jr  making  test  holograms  was  reduced 
from  30  minutes  or  so  to  10  minutes.  In  generi’.l,  at  least  one  finite  fringe 
hologram  was  made  of  each  specimen  in  a  dry  environment  to  insure  good 
fringe  contrast.  The  fringes  were  induced  by  slightly  unloosening  the  star- 
like  fixture  holding  the  specimen  between  exposures.  The  borehole  was 
filled  with  water  and  allowed  to  settle  for  10  minutes  prior  to  making 
either  double  exposure  holograms  or  finite  fringe  inter ferograms .  In 
^  neral,  at  least  one  finite  fringe  interferogram  and/or  double  exposure 
hologram  was  made  with  periods  between  exposures  ranging  from  five  to  ten 
minutes.  These  time  delays  were  representative  of  the  amount  of  time 
required  to  allow  for  water  turbulence  to  be  minimized  and  for  all  drilling 
functions  to  be  checked  out.  The  procedure  followed  in  the  drilling 
process  was  to  make  a  single  exposure  hologram  with  all  functions  off  in 
an  underwater  environment  as  shown  in  Figure  4.1.  The  rock  was  sequentially 
drilled  to  approximately  one  core  drill  diameter  and  retracted  to  the  down 
position.  The  second  exposure  on  the  same  plate  was  made  three  minutes 
after  all  drilling  functions  had  ceased.  During  this  time,  the  rock  support 
rfas  either  left  undisturbed  for  a  double  exposure  hologram  or  slightly 
unloosened  to  obtain  a  finite  fringe  interferogram. 

4 . 1  Holographic  Results  of  Strain  Relief  Fringe  Patterns 

The  entire  test  series  conducted  on  this  progran  to  verify  the  feasi¬ 
bility  of  obtaining  strain  relief  fringe  patterns  of  a  prestressed  rock  in 
a  simulated  borehole  is  summarized  ir.  Figure  4.2.  Initial  tests  were  all 
conducted  with  a  1/4"  drill  at  various  prestress  specimen  levels  with  the 
first  indication  of  lobe  patterns  noted  close  to  the  drilled  hole.  Operator 
controlled  finite  fringe  double  exposure  holograms  with  varying  fringe 
densities  (4-6  fringes/inch  seemed  the  meet  effective)  also  demonstrated 
strain  relief  around  the  drill  hole.  Since  the  fringe  patterns  created 
with  the  1/4"  core  drill  extended  only  a  small  distance  from  the  hole 
(i.e.,  <  1/2"),  a  larger  3/8"  drill  was  employed.  The  tests  with  the 
3/8"  drill  exhibited  greater  fringe  displacements  and  hence  greater  strain 
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SPECIMEN 

AFTER 

DRILLING 


Figure  4.1 


Double-exposure  holographic  proced 
prestressed  specimens  in  a  water-f 
borehole. 
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Slight  indication  of  displacement 

<2000  3/8  Finite  Fringe  around  hole  with  finite  fringe 

background. 
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relief  than  with  the  1/4"  drill.  Phot'^graphs  of  several  of  these  holograms 
are  included  to  demonstrate  results  from  the  series  of  tests. 

Two  examples  of  strain  relief  fringe  patterns  obtained  from  the  same 
double  exposure  hologram  (7-R:B  of  Figure  4.2)  of  a  flat  rectangular  pre¬ 
stressed  granite  specimen  are  shown  in  Figures  4.3  and  4.4.  The  only 
difference  in  the  two  photographs  is  the  viewing  angle  of  the  camera  behind 
the  hologram.  (The  Illumination  and  viewing  geometry  are  discussed  further 
in  Section  6.3  and  are  shcvm  schematically  in  Figure  4.5.)  The  viewing  angle 
is  close  to  the  center  line  of  the  hologram  axis  in  Figure  4.3.  This  view 
accentuates  the  lower  lobe  which  is  in  direct  compression  while  the  lobe  on 
the  left  is  minimized.  It  should  also  be  noted  that  no  trace  of  drilling 
is  observed  since  the  first  exposure  of  the  specimen  predominates  over  the 
second  exposure.  Likewise,  no  fringes  appear  in  the  center  equal  to  the 
core  diameter.  The  viewing  angle  for  the  photograph  shown  in  Figure  4.4 
maximized  the  two  lobes  giving  an  indication  of  the  formation  of  a  third 
lobe  opposite  the  lower  lobe  which  is  in  direct  compression.  A  comparable 
double  exposure  hologram  (7-R:A  of  Fig.  4.2)  made  from  the  other  side  of  the 
same  granite  specimen  is  shown  for  comparison  in  Figure  4.6.  The  loading 
direction  was  the  same  in  both  cases  while  a  greater  nonoperator  Induced 
displacement  due  to  drilling  is  observable  in  Figure  4.6  as  a  greater  fringe 
density  on  the  right  side  of  the  hole.  The  rigid  body  displacement  fringes 
on  the  right  in  these  two  holograms  were  also  encountered  to  a  varying 
degree  in  other  double  exposure  holograms. 

The  pre-load  on  the  flat  rectangular  specimen  shown  in  Figures  4.3, 

4.4,  and  4.6  was  ~  4200  psi.  These  photographs  were  enlarged  to  approxi¬ 
mately  1:1  magnification  and  are  directly  comparable  to  the  computer 
generated  fringe  pattern,  using  well  known  solutions  from  the  theory  of 
elasticity,  shown  in  Figure  4.7  and  analyzed  in  Section  6.4.  For  compari¬ 
son  purposes,  the  corresponding  fringe  numbers  are  assigned  to  the  photo¬ 
graphs  as  well  as  the  computer  generated  fringe  patterns.  Similarity  in 
the  experimentally  obtained  fringe  patterns  in  Figures  4.3,  4.4  and  4.6 
with  those  generated  using  a  computer  and  theory  of  elasticity  solutions 
is  obvious.  Differences  which  could  result  from  simplifications  in  ana¬ 
lytical  generation  of  fringe  patterns  are  further  discussed  in  Section  6.4. 
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3/8"  Diameter  Hole 
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Figure  4.3:  Full  scale  photograph  (-v-  5.5  inch  diameter  in  the 
field  of  view)  from  double-exposure  hologram 
(7-R:B  of  Figure  4.2)  of  prestres sed  flat  rectangular 
specimen  (White  Sierra  granite)  with  fixture  shown 
in  Figure  3.9.  The  axis  of  loading  is  represented 
by  the  two  loading  blocks  in  their  approximate 
position  for  the  test.  The  preload,  as  measured  with 
a  strain  gage,  was  approximately  4200  psi.  The 
viewing  direction  was  along  une  axis  extending 
outward  from  the  3/8"  corehole.  (See  Figure  4.4 
for  a  different  viewing  angle  of  the  hologram.) 
Corresponding  fringe  numbers  can  be  compared  to  the 
computer  generated  fringes  in  Figure  4.7. 
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Figure  4.4:  ull  scale  photograph  from  the  same  double-exposure 
hologram  (7-R:B  of  Figure  4.2)  as  Figure  4.3.  The 
viewing  direction  was  slightly  off  the  axis 
extending  outward  from  the  3/8"  corehole  to 
emphasize  the  symmetry  of  the  lower  and  left  hand 
lobes.  The  trace  of  a  third  lobe  can  be  distinguished 
at  the  top.  The  broader  fringes  on  the  right  in 
this  photograph,  as  well  as  Figure  4.3,  are  believed 
due  to  an  uninduced  rigid  body  motion  between 
exposures.  Fringes  believed  due  to  strain  relief  are 
designated  with  numbers  while  fringes  believed  due 
to  rigid  body  motion  are  marked  with  letters. 
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Figure  4.6:  Full  scale  photograph  from  double-exposure  hologram 
(7-R:A  of  Figure  4.2).  This  hologram  was  made  from 
the  opposite  side  of  the  specimen  shown  previously 
In  Figures  4.3  and  4.4  (7-R:B  of  Figure  4.2).  Fringes 
believed  due  to  strain  relief  are  designated  with 
numbers  while  fringes  believed  due  to  rigid  body 
motion  are  marked  with  letters. 
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FRINGE  PATTERNS  FOR  A  UNIAXIRLlY  STRESSED  HOLE 


Illumlnaclon 


Figure  4.7:  Full-scale  (in  inches)  computer  generated  fringe  pattern 
with  applied  stress  Oq  ■  -4200  psl.  The  x-axls  is  the 
loading  axis  used  in  the  laboratory  experiments. 
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An  example  of  a  strain  relieved  rock  was  obtained  by  finite  fringe 
double  exposure  holographic  interferometry  and  is  shown  in  Figure  4.8 
(6-R:B  of  Figure  4.2).  Here  approx imatedly  straight  fringes  were  operator 
induced  by  a  slight  displacement  of  the  rock  specimen  along  the  loading 
axis  between  exposures.  It  should  be  noted  that  this  technlciue  could  have 
been  equivaleatly  accomplished  by  careful  rotation  of  the  hologram  between 
exposures.  These  straight  fringes  are  superimposed  on  the  strain  relieved 
area  to  yield  a  region  of  fringes  curving  inward  toward  the  corehole.  The 
effect  of  strain  relief  takes  place  in  the  region  of  departure  from  straight 
fringes.  This  technique  was  used  to  enh.ince  strain  relief  at  lower  prestress 
levels . 


39 


TRW 


3/8"  Diameter  Hole 


LOADING  AXIS 


Figure  4.8:  Full  scale  photograph  from  finite  fringe  double-exposure 
hologram  (6-R:B  of  Figure  4.2).  The  preload,  as 
measured  with  a  strain  gage  was  approximat.ly  2400  psl. 
NOTE:  The  effect  due  to  strain  relief  (l.e.,  departure 
from  straight  fringes)  Is  greater  at  the  bottom. 


40 


TRW 

Mrtfttm  RRtWR 

5.0  ANALYTIC  APPROACH  FOR  IN-SITU  MEASUREMENTS 

The  ultimate  objective  of  our  development  program  is  to  design  and 
construct  a  field  instrument  which  is  capable  of  measuring  in-situ  stress. 

We  have  to  date  demonstrated  that  holograms  can  be  obtained  in  a  water 
flooded  environment  and  in  a  simulated  borehole  upon  stress  relieving 
around  a  side  corehole.  In  the  next  phase  of  the  development,  we  except 
to  calculate  the  complete  displacement  field  around  the  side  corehole  by 
modifying  a  computer  code  developed  at  TRW  for  determining  displacements 
from  holographic  Interferograms .  The  displacement  field  data  and  the 
elastic  moduli  of  the  rock  formation  will  be  utilized  to  obtain  the  values 
and  orientation  of  the  principal  stresses  in  an  arbitrary  configuration 
taking  ln*-o  account  the  main  borehole  effect  on  the  in-situ  stress.  The 
TRW  computer  program  can  be  modified  to  incorporate  the  cylindrical  geometry 
of  the  borehole  and  calculate  the  displacement  field  at  several  points 
along  the  wall  in  three  dimensions. 

The  displacements  at  points  on  the  borehole  wall  will  then  be  used 
in  conjunction  with  a  finite  element  computer  analysis  to  determine  the 
In-sltu  stresses  in  the  surrounding  rock.  An  outline  of  how  this  analysis 
would  proceed  and  the  assumptions  involved  is  included  in  the  following 
pages.  After  this  approach  was  developed,  we  became  aware  of  related 
work  in  this  area  by  Hirmatsu  and  Oka  (Ref.  8).  Time  restraints  have 
not  permitted  a  detailed  comparison  of  our  results  with  those  of 
Reference  8,  but  such  a  comparison  would  be  performed  in  the  early  phases 
of  any  subsequent  development. 

The  following  sections  of  the  report  document  '".e  proposed  approach 
which  has  been  developed  to  determine  in-situ  stresses  within  the  earth 
from  holographic  displacement  measurements.  The  method  involves  drilling 
three  smell  side  holes  in  the  wall  of  the  9  inch  diameter  corehole. 
Displacements  are  to  be  measured  around  each  small  side  hole  using  the 
holographic  apparatus.  From  these  displacements  a  set  of  local  stresses 
around  a  shallow  hole  in  a  half-space  will  be  determined.  These  local 
stresses  will  be  transformed  analytically  and  then  used  in  conjunction 
with  the  theory  of  stress  concentration  around  a  hole.  Using  this 
well  developed  theory,  the  far  field  stresses  (away  from  the  corehole) 
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can  be  determined.  The  objective  of  this  section  is  to  present  a  fairly 
detailed  outline  of  the  approach  and  the  assumptions  involved,  thereby 
indicating  the  direction  intended  in  future  work. 

5. 1  Effect  of  the  Corehole 

Consider  a  corehole,  of  diameter  D,  drilled  deep  into  the  earth 
(Figure  5.1).  By  deep,  we  mean  that  the  depth,  h,  in  Figure  5.1  is 
several  hundred  times  the  diameter,  D.  Thus,  tne  deep  hole  may  be  treated 
as  Inflntely  long  (l.e.,  "deep")  for  purposes  of  stress  analysis.  Now 
define  a  cylindrical  coordinate  system  (Z,  R,  tp)  -  called  the  "Global" 

coordinate  system  -  with  the  Z-axls  oriented  along  the  axis  of  the  core¬ 
hole  . 

Prior  to  drilling  the  corehole  into  the  earth,  at  any  depth  we 
have  a  completely  general  stress  field,  denoted  by  .  The  symmetric 
tensor  has  six  components,  which  we  wish  to  determine  as  a  function 
of  depth,  Z,  in  the  earth.  Another  way  of  representing  is  in  terms 

of  three  principal  stresses  Z^,  Z^,  Z^,  and  three  principal  directions 
(e.g.,  angles  and  A^).  However,  in  either  case,  the  stress 

tensor  Z  involves  six  quantities  which  must  be  determined.  This  fact 
tells  us  that  the  holographic  system  must  provide  at  least  six  iride- 
P.ej'dei.t  pieces  of  data  from  which  we  will  then  determine  the  six 
components  of  the  in-situ  stress  tensor,  Z. 

Clearly,  it  makes  very  little  difference  if  we  determine  the  in-situ 
stresses  Z  in  a  p.Tticular  coordinate  system  (e.g.,  Z,  R,  0)  or  not, 
since  we  have  available  to  us  well-known  tensor  transformations  which 
allow  us  to  transform  the  stress  tensor  to  other  coordinates.  For 
example,  if  principal  stresses  are  of  primary  interest,  we  can  first  find 
the  stresses  in  the  (Z,  R,  \p)  coordinate  system  and  then  diagonalize  the 
stress  tensor  to  find  Z^,  Z2.  Z^,  and  their  directions. 

Thus,  returning  to  Figure  5.1,  we  can  now  confine  our  attention  to 

finding  the  six  stress  components  (call  them  0  .  0  .  0  o  o  A 

RR’  RZ’  ZZ’ 

in  the  (Z,  R,  p)  coordinates.  We  would  like  to  find  out  what  the  six 
o.j  values  were  (prior  to  drilling  the  corehole)  in  the  In-situ  rock. 

The  presence  of  the  corehole  complicates  our  task  somewhat,  since  it 
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Figure  5.1:  Sketch  of  deep  corehole  and  Global  coordinates 
(Z,  R,  ij;). 


Corehole 
Diameter,  D 


43 


TRW 


causes  local  perturbations  (commonly  termed  stress  concentrations)  in  the 

stress  field  However,  it  is  important  to  note  that  the  stress 

components  and  are  assumed  undisturbed  by  the  presence  of  the 

corehole.  Since  it  is  very  deep  (i.e.,  infinitely  long)  the  corehole 

causes  stress  concentration  effects  only  perpendicular  to  its  axis  and 

thereby  disturbs  lust  o„_,  o,,,  and  o„,. 

^  ■'  RR  Rijj 

5.2  Use  of  the  Side  Holes 

In  order  to  determine  the  six  in  (Z,  R,  >*j)  coordinates,  we  begin 
by  drilling  a  small  side  hole,  of  diameter  d,  in  the  wall  of  the  core¬ 
hole.  Referring  to  Figure  5.2,  we  have  a  view  looking  down  along  the 
Z-axis  of  the  corehole.  The  small  side  hole  has  a  depth  denoted  by  e 
in  Figure  5.2.  Also  illustrated  schematically  in  Figure  5.2  is  the  stress 
concentration  effect  of  the  large  hole,  D. 

A  basic  assumption  at  this  point  is  that  the  side-hole  diameter  d 
is  much  less  than  the  corehole  diameter,  D.  That  is. 


5 


(5.1) 


The  reason  for  this  assumption  is  that  stress  concentration  due  to  the 
corehole  varies  with  the  angle  (j).  We  wish  to  "sample"  the  stress  field 
with  our  side  hole,  but  we  want  our  sample  to  be  at  a  particular  point 
in  the  circumferential  angle,  .  The  side  hole  really  samples  over  a 
width  d  out  of  a  total  possible  length  ttD  of  the  circumference.  Thus, 
we  want 


Sample  Width  ^  ^  < <  1 

Circumference  ttD 

For  a  uniform  stress  at  infinity,  given  by 


a 

0 

0 


as  R  ® 


(5.2) 
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Sketch  of  side  hole  (diameter  d,  depth  e)  and  stress  concentration  from 
corehole. 
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(where  X  *  R  cos  ip 
Y  -  R  sin  ij/ 

are  rectangular  coordinates), 

the  stress  field  around  the  corehole  is  given  by 


+  — ip  I  cos  2\p 

R  / 


t  (-&)•(-? 


(5.3) 


cos  Zp 


(5.4) 


sin  2ip 


(5.5) 


where  R^  is  the  radius  of  the  corehole. 

When  sampling  this  stress  field  with  a  side  hole  of  diameter  d,  we 
will  have  a  stress  variation  6a  across  the  distance  d.  To  estimate  Ao 
we  have 


t  (j) 


2  [(1  +  3)  sin  2ip] 


and  the  percent  variation  in  o , ,  is 


(5.6) 


J  8  sin  2>p 


^  sin  2\p 


[■^  j  2  [1  -  2  cos  2iij]  [1-2  cos  2i{i] 


(5.7) 


T/mr 


Since  0^^  can  go  to  zero  at  the  angle  2^^  ~  cos“^  i  on  the  circumference, 
large  percentage  variations  —  may  occur.  However,  the  effect  can  be 
minimized  by  making  the  quantity 


4d 

R 


«  1 


(5.8) 


which  is  more  stringeni:  than  the  inequality  assumed  in  Eq.  (5.1) 


d 

D 


1 


given  previously.  The  preceding  discussion  makes  quite  clear  the  require 
ment  that  the  side-hole  diameter  should  be  kept  small. 

As  regards  the  depth,  e,  of  the  side  hole,  we  again  want  to  make  it 
sufficiently  "shallow"  such  that 


Depth  of  Sidehole  e 

Radius  of  C  )rehole  *  ^  ^  (5.9) 


for  reasons  similar  to  those  just  presented.  That  is,  we  want  the  side 
hole  to  "sample"  O.e.,  to  "averatJe"'  the  stress  over  a  rather  short 

penetration  de  .  Consider  the  case  2ip  “  ir  (i.e.,  ip  *  90°)  in 

Equation  (5.4).  Then  at  the  inside  surface  of  the  corehole  we  have 


3o 


R 

Ip 


(5.10) 


Now  let  e  *  tR^,  where  e  is  the  side-hole  depth,  as  a  fraction  of  the 
corehole  radius,  R^.  At  the  bottom  of  the  side  hole,  wc  have 


R  =  R^  +  e  =  R^  (1  +  e) 


(5.11) 
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Substituting  this  expression  for  R  in  Equation  (5.4)  and  expanding  in 
powers  of  the  small  parameter  c  gives 


(3 


7c  )o 


R 

>1j 


Rj  (1  +  c) 
90" 


(5.12) 


at  the  bottom  of  the  side  hole. 

To  obtain  a  feel  for  the  values  of  ^  and  c  *  consider  a  9  inch 
diameter  corehole  with  a  small  side  hole  that  is  1/4  inch  in  diameter  and 
1/4-lnch  deep: 


Then 


and 


d 

D 


1/4 

9 


36 


«  1 


18 


«  1 


which  are  felt  to  be  sufficiently  small  for  most  purposes. 


5. 3  Analysis  of  the  Side  Hole 

When  d/D  and  c  of  the  preceding  section  are  small  enough,  the  problem 
of  the  side-hole  can  be  idealized  as  a  shallow  hole  in  a  stret;sv.d  half¬ 
space,  Figure  5.3.  To  orient  the  reader,  the  half-space  has  a  local 
coordinate  system  (r ,  0,  z)  where  the  local  z-axis  is  in  the  radial 

R»  of  the  (Z,  R,  li/)  corehole  coordinate  system.  In  other  words, 
the  half-space  represents  the  wall  of  the  corehole,  and  the  side  hole  is 
drilled  in  the  radial  diiection,  R,  of  the  corehole.  By  keeping  the  ratio 


d 

D 


«  1 


small,  it  is  assumed  that  the  curvature  of  the  corehole  wall  can  be 
neglected  and  the  side  hole  can  then  be  analyzed  as  having  been  drilled 
into  a  stressed  half-srace. 
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Figure  5.3:  Drilled  hole  in  a  stressed  half-space 
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The  local  scr.,jses  In  the  half-space  o  ,  o  ,  and  o  fin 

rr  r0  00  ' 

r,  0,  2  coordinates)  are  clearly  related  to  the  stresses  o  .  o 

iitii  zz' 

°RZ  corehole  coordinates  (Z,  R,  ^l>) .  If  the  location 

of  the  first  side  hole  is  denoted  by  li;  -  0,  then  stresses  o  ,  o 

ZZ 

°Z^  •'Jcting  in  the  wall  of  the  corehole.  The  other  stresses 

^RR’  °Rij/’  °RZ  since  the  wall  of  the  corehole  is  a  free 

surface. 

Now  suppose  that  the  local  x-axis  (0  =  0)  is  oriented  in  the 
direction  of  decreasing  tj;.  Then  the  relationship  between  the  stress 
components  is 


(5.13) 


for  the  pre-stress  values  in  the  half-space  well  away  from  the  side- 
hole.  (We  have  added  a  local  x,  y,  z  coordinate  system  coincident  with 
the  local  r,  0,  z  coordinates.  As  usual,  we  hav .  x  »  r  cos  0,  y  =  r  sin  t  , 
etc.)  The  zero  superscripts  on  the  stresses  in  Equations  (5.13)  are  used 
to  denote  that  these  values  apply  well  away  from  the  side  hole. 

Equations  (5.13)  thus  denote  stresses  which  are  not  influenced  by  the 
presence  of  the  side  hole. 


5.4  Fundamental  Problem  for  the  Half-Space 

o  o  o 

The  pre-stress  values  o  *  c  ,  and  o  (which  arise  from  the  stresses 

aa  yy  xy 

°ZZ’  cause  nonuniform  distortions  (e.g.,  elliptical 

distortions)  around  the  side-hole.  The  problem  we  have  is  an  initially 
stressed  half-space  into  which  a  small,  shallow  hole  is  drilled.  Since 
we  are  employing  linear  elasticity  theory  throughout  this  discussion, 
the  principle  of  superposition  is  available  to  us,  and  we  need  consider 
only  one  fundamental  elasticity  problem  for  the  half-space. 
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The  problem  to  be  analyzed  is  a  half-space  with  single  prestress 
at  infinity,  i.e. , 

c  ^ 

0  *  0 

XX 


yy 


xy 


as  r  -*  «> 


(5.14) 


far  away  from  the  origin. 


The  solution  of  .his  problem  in  polar  coordinates  involves  displace¬ 
ments  of  the  form 


V  -  V^(r)  sin  20  (5.15) 

w  -  W^(r)  +  W^Cr)  cos  26 

which  can  be  determined  by  a  finite-element  computer  program. 

By  a  transformation  of  coordinates,  namely,  0*  =  0  +  ,t/2,  we  can 
transform  the  solution  (5.15)  to  obtain  the  solution  for  the  prestress 
condition 


o 


e 


0 

yy 


o  >  as  r 


OD 


e 


0 

xy 


“J 


namely,  prestress  in  the  y-directlon. 


(5.16) 
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Finally,  by  superimposing  the  preceding  two  solutions  and  then 
using  the  transformation  6*  =  9  +  it/4  we  can  transform  the  solution  (5.15) 
to  obtain  pure-shear  at  infinity: 


0 

0 

XX 


o] 


0  V  as  r  ® 


"j 


(5.17) 


The  general  case,  represented  by  Equation  (5.13)  involves  the  three 

0  0  o 

prestress  values  °yy»  o^^y  c^n  be  written  as  the  super¬ 

position  of  three  solutions  of  the  form  (5.15)  for  the  displacements 
u,  V,  and  w.  That  is,  we  can  write 


“total 

'^TOTAL 

'^TOTAL 


u,  0  +  U-  0  +  u»  0 

1  XX  2  yy  3  xy 


VO  +  v„  0  +  V  0 

1  XX  2  yy  3  xy 


w  o  +  w  0  w,  0 

1  XX  2  yy  3  xy 


(5.18) 


where 


(Uj,  Vj,  Wj) 

(Uj.  ^2>  ”2^ 

(U3,  V3,  W3) 


are  displacements  resulting  from  a  unit  value 
of  0^^  applied  alon#  at  infinity 

0 

result  from  a  unit  value  of  0  applied  alone 
at  infinity 

O 

result  from  a  unit  value  of  0  applied  alone 
at  infinity 
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5.5  Use  of  the  Displacement  Measurements 

By  measuring  the  displacements  u,  v  and  w  at  three  locati.ms  around 

0  o  o 

the  side  hole,  we  can  determine  the  vali.es  of  o  ,  o  and  a  which  are 

XX  vy  XV 

superposition  constants  in  Equations  (5.18).  In  actual  practice,  we 

expect  to  have  holographic  displacement  data  at  many  locations  on  the 

wall  surface  around  the  side  hole,  and  a  least-squares  procedure  can 

0  0  0 

be  used  to  find  the  "best  fit"  values  for  o  ,  a  and  o  :  i.e..  the 

XX  yy  xy 

prestress  values  around  the  side-hole. 


Having  found  the  pre-stress  values  from  the  holographic  data,  we 
have  from  Equation  (5.13)  given  previously 


o 


0 


a 


a 


il/ip  °xx 


O 


O 

_  ,  *  a 

Z<P  xy 


\ 


y 


(5.19) 


for  three  of  the  stress  components  in  the  global  (Z,  R,  X)  coordinate 
system.  Thus,  at  this  point,  we  have  found  the  stresses  o  and  o„y 
(which  are  not  affected  by  the  presence  of  the  corehole)  and  which 
therefore  represent  the  prestress  values 


y 


(5.20) 


where  we  have  added  a  rectangular  coordinate  system  (X,  Y,  Z)  coincident 
with  the  cylindrical  coordinates  (R,  Z)  discussed  previously,  (see 
Figure  5.1).  Accordingly,  we  have  found  two  of  the  six  components  of 
the  in-situ  stress  tensor  Z  which  we  originally  set  out  to  determine. 

The  other  stress  components  require  that  we  make  additional  meas. cements 
on  other  side  holes,  as  discussed  in  the  sections  which  follow. 
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5.6  Use  of  a  Second  Side  Hole 


The  first  side-hole  serves  to  fix  the  location  of  the  X-axis  (i.e., 

.  =  0)  in  our  corehoie  coordinate  system.  Now  suppose  we  rotate  the 

apparatus  90®  and  drill  a  second  side  hole  at  'ii  =  90®,  i.e.,  along  the 

direction  of  the  Y-axis.  Again  we  locate  a  local  coordinate  system 
(r ,  0,  z)  or  (x,  y,  z)  with  the  local  z-axis  aligned  with  the  side  hole, 
and  the  local  x-axis  in  the  direction  of  decreasing  ij;.  Then  the  re¬ 
lationship  between  the  stress  components  is  again  given  by  Equations  (5.13) 
and  we  can  again  apply  superposition  principles  as  discussed  relative  to 
Equations  (5.14)  through  (5.18). 

From  the  displacement  measurements  around  the  second  side-hole, 
we  can  determine  a  second  set  of  prestress  values  similar  to  those 
found  previously.  Thus,  for  the  second  side  hole  we  have 


and 


XX 


yy 


xy 


(5.21) 


as  for  the  previous  case. 

Using  Equations  (5  21)  and  the  fact  that  the  second  side  hole  is  oriented 
along  the  Y-axis  (i;/  =  90°)  we  have  determined  another  component  of  the 
In-sltu  stress  tensor,  namely 


O 


(5.22) 


At  the  same  time,  we  have  a  second  measurement  of  the  axial  stress,  o  , 
from 


O 


(5.23) 
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5. 7  Requirements  for  a  Third  Side  Hole 

In  the  preceding  discussion  we  have  said  very  little  about  the 
tangential  stress,  o  ,  ,  •  From  the  two  side  holes  (at  =  0  and  =  90°) 

V  V 

we  will  have  two  different  values  for  o,  .  Call  them 

1 

0,  (from  the  first  side  hole) 

2 

and  0, ,  (from  the  second  side  hole) 


By  making  measurements  around  a  third  side  hole  and  finding  o  we  can 


then  in  principle  solve  three  equations  in  three  unknowns  to  find  the 
remaining  three  In-sltu  stress  components. 


For  example,  suppose  we  drill  the  third  side  hole  at  li;  =  45° 

(Figure  5.4).  Now,  referring  to  Figure  5.4,  we  have  a  stress  concentration 
problem  in  two-dimensions  (R,  ip)  .'hich  is  centered  on  the  corehole 

(Z-axls).  Furthermore,  we  have  measured  the  tangential  stress  o,,  at 

’P'P 

three  locations,  and  we  wish  to  find  the  far-field  stresses  o  ,  o^,  and 

vUv  1 1 

0^^.  By  the  principle  of  superposition,  we  can  write  three  equations  of 
the  form 


“21  °XX  “22 
“31  +  0132 


^YY  3  °XY 

“yy  +  “2  3 

“yy  +  “33  o^Y 


(5.24) 


where  the  coefficient  aj]  relates  the  tangential  stress  at  ij;  =  0  to  a 
uniform  field  at  infinity,  a32  relates  the  tangential  stress  at 
V  =  45°  to  a  uniform  field  at  infinity,  etc. 
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The  Equations  f5.24)  can  be  written  in  matrix  form 

►  -► 

a ,  ,  =  ['ll]  0 

’y  y 


(5.25) 


and  the  coefficient  matrix  then  inverted  to  yield  the  remaining  three 
desired  stress  components: 


f  'I 

r  \ 

1 

^xx 

^XY 

3 

1  °YY 

L  > 

5 . 8  Alternate  Locations  for  the  Side  Holes 

The  method  just  outlined  is  oriented  toward  determining  the  six 
components  of  the  In-sltu  stress  tensor  in  a  relatively  straightforward 
manner.  Practical  considerations  may  dictate  that  the  side  holes  cannot 
be  drilled  at  iji  =  0,  AS®,  and  90®,  and  therefore  it  is  worthwhile  to 
consider  alternate  drilling  schemes. 

One  alternative  would  be  to  drill  the  three  side  holes  at  intervals 
of  120°.  This  approach  requires  that  the  holographic  device  be  capable 
of  larger  angular  excursions,  and  the  design  may  be  more  complicated  as 
a  result.  In  addition,  the  analysis  of  the  results  is  slightly  more 
complicated  than  that  presented  herein  when  the  stress  field  is  sampled 
at  120®  intervals. 

An  alternate  scheme,  which  may  provide  slightly  less  accurate  results 
is  to  drill  the  side  holes  at  li-  =  0,  22.5°,  and  45°.  For  this  set  of 
holes,  the  matrix  Equation  (5.26)  is  expected  to  have  a  slightly  poorer 
Inverse  which  may  generate  slightly  larger  errors  in  the  stress  components. 
Furthermore,  it  is  clear  that  a  choice  of  three  closely-spaced  side  holes 
(e.g.,  0,  5®,  10°)  is  inappropriate  since  the  problem  is  expected  to  be 
very  poorly  conditioned  in  this  latter  case. 
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In  addition,  three  closely  spaced  side  holes  can  be  expected  to 
Interact  strongly  with  one  another  and  no  longer  each  behave  as  a  single 
hole  in  an  elastic  half-space.  Recall  that  our  analysis  assumes  a  small 
diameter  side  hole  d  in  a  large  diameter  corehole,  D.  If  the  hole 
spacing  s,  in  the  circumferential  direction  is  not  several  times  greater 
than  the  side-hole  diameter  d,  then  the  assumption  of  a  single  hole  in 
an  elastic  half-space  loses  its  validity.  For  this  reason,  it  is  recom¬ 
mended  that  the  side  holes  be  diilled  at  *  0,  45®,  and  90°  if  possible 
and  certainly  not  closer  than  i//  “  0,  22.5°,  and  45°. 


i 

I 

j 


I 


I 

: 
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6.0  COMPUTER  GENERATION  OF  FRINGE  PATTERNS 

FOR  LABORATORY  EXPERIMENTS 

The  rectangular  specimen  was  chosen  primarily  on  the  basis  that  the 
stress  level  could  be  readily  controlled  and  sufficient  stress  applied  to 
provide  several  fringes  on  the  Interferogram.  As  a  consequence,  the 
analysis  of  the  rectangular  specimen  required  certain  simplifying  assump¬ 
tions  many  of  which  would  not  have  been  necessary  for  the  cylindrical 
specimen.  Nevertheless,  the  theoretical  fringe  patterns  computed  using 
these  assumptions  bear  a  very  close  resemblance  to  those  measured  experi¬ 
mentally  for  the  rectangular  specimen. 

Two  main  avenues  of  approach  were  available  in  the  analysis  of  the 
rock  specimens.  One  appfoach  was  to  record  the  experimental  fringe  pattern 
and  from  it  then  determine  the  corresponding  displacement  field  Au(x,y,z) 
as  a  function  of  space  on  the  rock  surface.  Then  by  differentiating  the 
displacement  field  and  performing  other  analysis,  the  strain  field  e^j(x,y,z) 
and  tiiC  stress  field  o^j(x,y,z)  in  the  rock  would  be  determined.  The 
stress  field  thus  determined  from  the  holographic  data  would  then  be  com¬ 
pared  with  the  applied  stress  field  (which  had  been  measured  Independently 
by  other  means  such  as  strain  gages). 

The  approach  just  described  is  the  most  satisfying  one,  but  it  is  also 
more  costly  and  time-consuming  that  the  second  alternative.  In  the  second 
approach,  one  makes  the  assumption  that  the  stress  and  displacement  fields 
are  known,  and  then  the  corresponding  (theoretical)  interference  fringe 
pattern  is  calculated.  If  the  calci’.lated  fringe  pattern  "looks  like"  the 
experimental  pattern,  it  is  safe  to  assume  that  the  known  (theoretical) 
stress  field  is  quite  close  to  the  stress  field  which  was  present  in  the 
experiment . 

With  regard  to  the  first  approach,  TRW  has  developed  a  general  analysis 
procedure  and  a  corresponding  computer  program  for  calculating  surface 
displacements  from  experimental  interferograms .  This  program  was  developed 
in  the  performance  of  other  related  holographic  work  and  not  on  the  piesent 
contract.  Using  this  program,  it  is  possible  to  take  an  interferogram 
(such  as  Figure  A. A,  for  example)  and  compute  the  associated  surface 
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displacements.  This  program  requires  a  knowledge  of  the  fringe  order,  n, 
and  requires  that  the  location  of  each  fringe  be  measured  as  a  function  of 
(x,y)  coordinates  on  the  surface  of  the  body. 

Although  this  procedure  of  deducing  displacements  (and  then  deriving 
strrins)  from  interferograms  has  been  used  pri*vlously  (Ref.  9)  constraints 
of  time  and  money  would  not  permit  its  use  on  the  present  contract.  Conse¬ 
quently,  the  simpler  alternative  of  computing  a  "theoretical"  fringe  pattern 
corresponding  to  a  known  stress  field  was  used  herein.  The  similarity  between 
the  computed  fringe  pattern  and  the  experimental  fringe  pattern  is  quite 
good,  as  will  become  apparent  from  subsequent  discussion  and  figures. 

6.1  Discussion  of  the  Assumed  Stress  Field 


The  experimental  set-up  for  the  rectangular  specimen  is  shown  schemati¬ 
cally  in  Figure  6.1. 


Figure  6.1;  Simplified  schematic  of  flat  rectangular  specimen 
in  compression.  See  Figure  3.9  for  a  photograph 
of  the  actual  specimen  fixture. 
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For  this  experiment,  two  point  loads  were  applied  to  each  steel  pad 
at  the  top  and  bottom  of  the  specimen.  The  stress  field  desired  is  a 
uniform  stress  in  the  vertical  direction;  however,  because  of  bending 
in  the  steel  plate,  the  stress  field  will  peak,  under  each  point  load,  P. 
Additional  stress  peaking  may  occur  at  the  ends  of  the  steel  pad  where 
the  pad  stops  and  the  specimen  continues.  Thus,  the  method  of  loading  the 
specimen  is  expected  to  produce  a  strets  field  o(x,y)  which  will  contain 
peaks  and  nonuniformities  in  addition  tc  a  primary  component  in  the 
vertical  direct,  on. 

For  purposes  of  analysis,  these  nonuniformities  will  be  neglected, 
and  the  stress  field  (before  the  hole  is  drilled)  will  be  assumed  uniform. 
Secondly,  when  the  hole  is  drilled  it  will  be  assumed  that  the  stress  on 
the  boundary  of  the  specimen  remains  unchanged.  Finally,  it  will  be 
assumed  that  the  specimen  is  in  a  state  of  plane  stress,  both  before  and 
after  the  hole  is  drilled.  This  latter  assumption  is  equivalent  to 
assuming  that  the  drilled  hole  passes  all  the  way  through  the  (two-inch 
thick)  flat  rectangular  specimen.  In  fact,  the  hole  only  penetrates  the 
surface  for  a  distance  of  one  diameter.  This  fact  means  that  the  in-plane 
stresses  will  vary  with  the  distance  (call  it  z)  perpendicular  to  the  face 
of  the  specimen.  Nevertheless,  on  the  surface  of  the  specimen  it  is  thought 
that  a  plane-stress  solution  will  be  fairly  accurate. 

6 . 2  Displacements  for  a  Plate  in  Plane  Stress 

The  displacements  on  the  surface  of  a  rectangular  plate  in  the  plane 

stress  subjected  to  a  uniform  stress  at  infinity  (l.e.,  far  away  from 

the  origin  of  coordinates)  are  given  by 

o  0 

ox  O  „  V 

\  rcosG  (6.1a) 

VO  VO 

Uy  =  ^y  -  -  rslne  (6.1b) 


61 


1 


0^  is  the  applied  stress  (positive  in  tension) 

E  is  the  Young's  modulus 
V  is  Poisson's  ratio 
t  is  the  plate  thickness 

“x’  “v’  displacement  in  the  x,  y,  and  x  directions 

^  respectively  (cf.  Figure  6.2). 


(Applied  Stress) 


Fir’Tt.  6.2:  Coordinate  system  for  plate  in  plane  stress. 


Tim 

tftmm  » 

For  analysis  purposes,  it  Is  more  convenient  to  express  the  displace¬ 
ments  In  cylindrical  coordinates.  Thus,  we  have 


u  “  u  COS0  +  u  slnG 
r  X  y 


(6.2a) 


u.  “  -u  sln0  +  u  COS0 
0  X  y 


(6.2b) 


By  substituting  the  uxpresi^ions  for  u  and  u  (Equations  6.1)  Into  the 

X  y 

above  relations  for  u^  and  u^,  one  finally  arrives  at  the  following  non- 
dim  inslonal  results 


^r  1  2  2 

- 77  ■  —  (cos  0  -  vsln  0) 

a  a/E  a 
o 


(6.3a) 


a  a/E 
o 


(6.3b) 


(6.3c) 


where  a  ■  a/r  and  a  Is  the  radius  of  the  hole  (which  will  be  discussed 
shortly. 

When  the  hole  Is  drilled  In  the  (plate)  specimen,  and  the  stress 
remains  0^  at  Infinity,  the  following  displacements  are.  obtained  (from 
Ref.  10) 


0  a/E 
o 


1  L  .  2(1  -  V)  2  .  A)  .2 

~  \1  +  ■  ,  V - ^  a  +  a  >  sin 

a  (  1  +  V  f 


(6.4b) 


(6.4c) 
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Tl a  doubly-exposed  hologram  records  the  difference  in  displacements 
(i.e.,  the  incremental  displacements)  which  occur  between  the  two  states 
just  discussed.  Thus,  the  interferogram  responds  to  the  displacements 


^u 


a  a 
o 


(4^)  (r^-  »')  cos'o]  (6.5a) 


a  a/E 
o 


-  Y  |(1  -  v)  +  I  sin^ 


(6.5b) 


Au  «  0 
z 


where 


Au  ■  U  -  u  is  the  difference  in  radial  displacements 
r  r  r 


Au.  ■  U.  -  u.  is  the  difference  in  circumferential  displacements 
6  6  6 


U  -  u  ,  etc. 
z  z 


The  preceding  displacement  increments  must  now  be  related  to  the  fringes 
formed  by  holographic  interferometry.  For  this  purpose  it  is  convenient 
to  transform  back  to  rectangular  coordinates  (x,  y,  z) .  Thuf ,  using  the 
relations 


Au  ■  Au  cose  -  Au.  sine 
X  r  e 


(6.6a) 


and 


Au  “  Au  sine  +  Au.  cose 
y  r  e 


(6.6b) 
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We  have  finally 


Au 


0  a/E 
o 


"  f  {(5  +  v)  -  (1  +  v)oi^  -  (1  +  v)(2  -  a  -  a^)sin^6|  cos0  (6.7a) 


Au 

o  a/E  “  f  +  V  +  (1  +  v)Qt^  +  (1  +  v)(l  -  a  -  a^)cos^e|i 


ilnO 


(6.7b) 


Au 
_ z 

t/2 


-  0 


For  the  Incremental  displacements  (between  exposures  of  the  hologram  in 
the  X,  y,  and  z  directions  respectively. 

6.3  Generation  of  the  Theoretical  Fringe  Patterns 

From  the  theory  of  double-exposure  holographic  interferometry  (Ref.  11) 
we  know  that  an  interference  fringe  is  formed  whenever  the  condition 


(6.8) 


is  met.  In  Equation  (6.8) 

6  “  the  displacement  sector 

X  -  wavelength  of  the  light  from  the  laser  used 

to  record  and  reconstruct  the  holographic  images 

-► 

c  -  unit  vector  in  the  direction  from  the  object  to 
the  Illuminating  source 

s  -  unit  vector  in  the  direction  of  view,  from  the 
object  through  the  hologram  to  the  observer 

n  -  integer,  the  fringe  order,  +1,  +2,  +3,  etc. 

In  general,  the  vectors  c  and  s  vary  with  the  position  of  the  point  on  the 
body  (where  the  displacement  ^  occurs).  Note  that  the  displacement  of  a 
point  on  the  surface  is  also  a  function  of  position:  t  -  l(x,  y,  z) . 

Equation  (6.8)  is  normally  used  to  compute  the  displacement  field  ^(x,  y,  z) 
from  an  experimental  fringe  pattern,  when  the  Illumination  and  viewing 
vectors  c  and  s  are  known. 
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For  the  present  discussion,  we  have 


(6.9) 


where  Au^,  Au^,  and  Au^  are  given  by  Equations  (6.7)  and  k  are  unit 

vectors  In  the  x,  y,  z  directions,  respectively.  What  will  be  done  In 
this  case  Is  to  compute  the  "theoretical"  fringe  pattern  corresponding  to 
the  assumed  stress  state  (l.e.,  the  fringe  pattern  for  drilling  a  hoJe  In 
a  uniformly  stressed  plate)  by  using  Equation  (6.8)  The  theoretical 
fringe  pattern  requires  that  we  specify  the  Illumination  vector  c  and  the 
viewing  vector,  s.  In  addition  to  the  fringe  order (s)  In  Equation  (6.8). 

In  the  experimental  set-up,  the  size  of  the  holographic  apparatus  Is 
such  that  the  vectors  c  (illumination)  and  s  (viewing)  vary  over  the  sur¬ 
face  of  the  specimen.  For  th>  conventional  problem  of  computing  displace¬ 
ments  from  a  fringe  pattern,  the  variation  of  c  and  s  are  functions  of 
position  and  would  be  Included.  However,  for  purposes  of  the  present 
analysis  these  vectors  will  be  assumed  constant. 

The  values  of  the  viewing  vector  s  used  corresponds  to  a  view  looking 
directly  down  the  z-axls  of  the  hole  In  the  specimen.  Since  the  viewing 
vector  points  from  the  object  through  the  hologram  to  the  observer,  we  have 


s  -  Ol  +  Oj  +  Ik  -  k  (6.10a) 

. 

(l.e.,  s  Is  a  unit  vector  along  the  z-axls). 

The  illumination  vector  (also  assumed  constant)  was  taken  as  the  vector 
from  the  center  of  the  hole  in  the  specimen  to  the  small  diffuser  In  the 
holographic  set-up.  This  vector  was  determined  from  the  geometry  of  the 
holographic  set-up  as 

"*■  1  -f  1  -f  1 

(6.10b) 

Finally,  the  results  for  ?,  s,  and  c  of  Equation  (6.8)  to  give 


^•(c  +  s) 


^  .  C^n  ±  DA 
2 


(6.11) 
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In  Equation  (6.11),  we  have  expressions  for  and  Au  as  functions  of  r 
and  0  from  Equations  (6.7).  Thus,  Equation  (6.11)  can  be  written  in 
functional  form  as 


f(r,0)  -  I  «  0  (6.12) 

Equation  (6.12)  was  used  to  plot  the  "theoretical"  fringes  by  speci¬ 
fying  the  wavelength  A  a  particular  fringe  number  n,  (e.g.,  n  ■  1,  2,  3, 
etc.)  and  solving  for  the  curve  in  (r,G)  space  for  which  Equation  (6.12) 
was  satisfied.  In  actual  practice,  a  small  FORTRAN  computer  program  was 
written  in  which  the  angular  position  was  specified  (as  a  parameter) 
and  then  Equation  (6.12)  simply  becomes 

F(r;e,n)  -  F(r)  -  0  (6.13) 

a  function  of  r  only,  since  we  are  operating  with  a  constant  fringe  order 
(n  is  fixed)  and  along  a  particular  ray  from  the  origin  (0  is  fixed). 
Equation  (6.13)  was  solved  for  its  roots  r^  using  Newton's  method,  and 
the  root  r^(6,n)  determines  a  point  on  the  n^^  fringe  at  the  particular 
angle  6. 

With  the  fringe  order  n  held  constant,  the  angle  0  can  then  be  indexed 
to  a  new  value  and  the  process  repeated  to  give  another  point  on  the  fringe 
curve.  This  procedure  was  readily  automated  and  connected  with  a  plotting 
subroutine  to  produce  the  "theoretical"  fringe  patterns. 

6 . 4  Discussion  of  the  Theoretical  Results 

The  computer  generated  fringe  pattern  shown  previously  in  Section  4.1 
(Figure  4.7)  is  based  on  the  experimentally  measured  applied  stress  and 
handbook  values  of  granite  for  Young's  modulus  E  and  Poisson's  ratio  v, 

(Ref.  12).  The  parameters  used  were  as  follows: 

0  »  -  4200  psl  (compression) 

®  £ 

E  *  9.6  X  10  psi  (modulus) 

V  =  0.18  (Poisson's  ratio) 
a  *  0.1875  inches  (hole  radius) 

\  -  632.8  nm  (wavelength) 
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The  applied  stress  and  modulus  enter  the  equations  directly  as  (o^/E) 
and  Influence  the  amount  that  the  fringe  loops  open  or  close.  The  variation 
of  the  fringe  patterns  with  Poisson's  ratio,  v,  was  examined  and  found  to 
be  rather  slight.  The  hole  diameter,  a,  and  the  wavelength.  A,  were  not 
varied,  since  they  are  both  known  accurately. 

The  theoretical  results  are  In  qualitative  agreement  with  the  experi¬ 
mental  fringe  patterns.  Both  patterns  have  a  double-lobed  appearance,  with 
the  bottom  lobe  agreeing  quite  well  with  the  theoretical  pattern.  However, 
the  experimental  pattern  also  has  another  lobe  (which  depends  upon  the 
viewing  direction)  off  to  one  slue,  whereas  the  theoretical  pattern  is  more 
symmetric.  This  discrepancy  is  thought  to  be  due  to  one  or  more  of  the 
simplifying  assumptions  made  in  the  analysis.  For  example,  we  know  that 
the  two-point  loading  (through  the  steel  balls)  in  the  experiment  will 
produce  a  non-uniform  stress  distribution.  Thus,  the  stress  distribution 
is  Just  approximately  uniform.  Furthermore,  it  was  necessary  to  assume 
that  the  specimen  was  in  a  state  of  plane  stress,  and  this  assumption 
neglects  t  fact  that  the  stress  distribution  varies  with  the  depth  of 
the  hole.  Finally,  the  assumption  that  the  vectors  c  and  s  are  constant 

is  true  only  if  the  viewer  and  the  source  of  illuniinatlon  are  "far"  away 

.  ^  ^ 

from  the  granite  specimen.  In  the  experiment,  the  vectors  c  and  s  can 
vary  by  as  much  as  25%  for  a  point  at  a  radial  distance  r  =  1.5  inches 
off  the  z-axis .  Larger  changes  in  c  and  s  occur  as  the  point  in  question 
lies  at  larger  radial  distances. 

Although  the  effects  of  these  simplifying  assumptions  could  not  be 
investigated  within  the  temporal  and  financial  constraints  of  the  present 
contract,  many  of  these  approximations  can  be  removed.  For  purposes  of 
the  present  study,  the  simplified  theoretical  analysis  of  the  rectangular 
specimen  was  felt  to  be  adequate. 
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7.0  CONCLUSIONS  AND  RECOMMENDATIONS 

A  laboratory  model  of  a  holographic  Instrument  was  designed  and 
built  to  operate  in  a  simulated  borehole  environment.  The  principle 
of  operation  Involves  measuring  strain  in  the  side  of  a  prestressed 
rock  specimen  due  to  stress  relief  by  small  side  coring  holes.  The 
strains  are  recorded  using  holographic  interferometry  where  the 
displacement  fields  are  stored  in  fringe  patterns  covering  the  holo¬ 
graphically  recorded  images  of  the  strained  surface.  The  holographic 
instrument  consisted  of  (1)  core  drill  module,  (2)  optics  module, 

(3)  laser  module  as  well  as  associated  electrical  and  plumbing 
connections  to  operate  the  instrument.  The  laboratory  model  incorporated 
many  features  which  would  be  common  to  a  field  version  but  also  included 
features  to  aid  in  the  collection  of  holographic  data  in  a  laboratory. 

The  performance  of  the  holographic  instrument  in  a  dry  and  water-flooded 
simulated  (concrete)  borehole  was  excellent.  The  fringe  patterns  obtained 
from  holograms  made  in  a  simulated  borehole  are  predictable  and  follow 
a  classical  analysis  of  strain  relief.  The  next  phase  will  require  the 
completion  of  the  design  of  the  field  instrument  shown  schematically 
in  Figure  7.1.  This  will  require  the  following  areas  to  be  addressed. 

o  Capsulatlng  a  commercial  laser  with  power  supply. 

0  Incorporation  of  control  circuits  for  remotely  performing 
core  drill  operations,  optics  alignment,  and  film  exposure 
in  three  directions  in  a  borehole. 

o  Design  of  the  holographic  film  cassette  and  its  incorporation 
into  the  holographic  optics  module. 

o  A  pressurlzat;lon  system  to  offset  the  down-hole  head  of  water. 

o  On  board  water  filtering  equipment  to  provide  clear  view  of 
wall  surfaces. 

o  Integration  of  the  three  basic  modules  and  control  equipment 
into  a  support  casing  which  has  provisions  for  anchoring  the 
instrument  in  three  orientations  against  the  sides  of  the 
borehole. 

o  Modification  of  aa  existing  computer  code  which  takes  into 

account  the  combined  geometry  of  the  borehole  and  the  holographic 
optics  to  provide  machine  inversion  of  observed  displacement 
fields  to  principal  stresses. 

o  Field  tests  of  resulting  instrument. 
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An  added  advantage  of  the  optical  instrument  is  that  the  holo¬ 
graphic  recording  will  also  provide  a  means  for  inspecting  the  surface 
of  the  borehole;  that  is,  it  will  act  as  a  bore  "scope"  since  holography 
will  record  the  surface  of  the  borehole  with  virtually  infinite  depth 
of  focus. 


TRW. 
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Figure  7.1:  Optical  in-situ  stress  measurement  Instrument. 
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APPENDIX  A  -  STRAIN  RELIEF  IN  A  FLAT  CYLINDRICAL 
SPECIMEN 

A  numerical  analyst  „aa  performed  on  an  Interference  fit  method 
Of  producing  a  radially  symmetric  stress  distribution  In  a  cylindrical 
granite  disk.  Calculations  were  used  to  determine  the  dimensions  of 
a  steel  ring  and  the  magnitude  of  the  Interference  fit  required  to 
produce  the  desired  stress  levels  In  the  cylindrical  disk.  The  stress 
f  eld  would  be  produced  by  slipping  a  heated  steel  ring  oyer  the  granite 
an  ettlng  It  cool  to  create  a  compressive  Interference  fit.  The 
leve.s  seler.ed  were  based  on  the  fringe  densities  which  would 
result  from  tbe  drilling  of  a  stress  relief  corehole.  The  maximum 
fringe  density  criteria  was  I  llne/mm,  since  higher  fringe  densities 
would  be  difficult  to  resolve  photographically. 

^e  geometry  of  the  stressed  cylindrical  disk  and  a  typical  radial 
dlsp  acement  profile  resulting  from  the  stress  relieving  hole  being 

profUe  d"  'r  ■i‘»Pl-ement 

ol  e  ue  to  stress  relief  at  the  center  of  the  specimen  Is  a  function 

of  the  diameter  of  the  stress  relieving  hole  and  the  pressure  P  on 

the  outside  perimeter  of  the  disk.  This  relationship  Is  given  by 
Reference  13  as  ^ 


where  Au 


Au(r)  -  -  lo  (’^i  ) 

1  +  V  E  -Tz  2\ 

th"'ho“:\s'd";u'“d  t  When 


r  - 


variable  radius 

rs  lus  of  the  stress  relieving  hole 
outside  radiu.o  of  the  disk 
stress  on  the  circumference 
Poisson's  Ratio 
E  =  modulus  of  elasticity 

AS  see  from  Eq.  (A.l),  the  results  can  be  scaled  to  any  pressure 
since  the  relative  d-splacement  at  any  point  r  on  the  surfice  Is  ' 


o 

V 


(A.l) 
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directly  proportional  to  P  .  The  outside  radius  of  the  specimen  r 
is  2.80  inches  while  the  modulus  for  the  granite  was  taken  as  8  x  10^ 
psi.  Using  these  values  in  Eq.  (A.l),  the  displacement  profiles  Au(r) 
for  two  different  size  stress  relieving  coreholee  are 

-9  ^o 

Au(r)  ■  -2.35  X  10  ;  r^  ■  .125  (i/4"  diameter  hole) 

-9  ^ 

Au(r)  ■  -9.45  X  10  "r”  ’  *^1  "  (1/2"  diameter  hole)  (A. 

The  stress  field  combined  with  the  holographic  viewing  geometry 

wr.s  used  to  plot  anticipated  fringe  profiles  produced  b-  different  size 

coreholes.  In  Figures  A. 2  and  A.  3  the  frlnj-e  profile  N(r)  is  plotted 
for  1/4"  and  1/2"  coreholes  at  3000  and  6000  psi  stress  fields.  These 

curves  should  be  considered  accurate  only  in  the  vicinity  of  the  corehole 

since  simplifying  assumptions  were  made  in  the  equations  used  to  derive 
the  holographic  geometry.  The  important  factor  derived  from  these 
curves  is  that  approximately  four  times  as  many  fringes  would  be  seen 
for  the  larger  corehole  diameter  for  the  same  stress  distributions. 

Although  the  circular  specimen  is  easier  to  analyze  for  stresses 
and  deformations,  practical  problems  prevented  it  from  being  used 
successfully.  In  particular,  it  was  difficult  to  machine  the  steel 
prestressing  ring  to  the  proper  tolerance  on  its  diameter.  Furthermore, 
the  stress  level  la  fixed  (once  the  rln^-  is  installed)  and  cannot  be 
adjusted.  Accordingly,  during  the  study  the  decision  was  made  to  switch 
over  to  the  flat  rectangular  specimen  discussed  in  Sections  3.5  and  6.0. 


Fringe  Order  N(r) 


Distance  from  Center  of  Corehole  (Inches) 


Figure  A. 2: 


Plot  of  calculated  fringe  order  versus  distance  from  center  of 
corehole  with  diameter  of  .250  Inches. 


